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Structural engineering is defined as the science of designing economical and safe 
infrastructure.  A structural engineer’s activities on projects for transportation structures 
(bridges and culverts) are grouped into two main processes: structural design and production 
of construction documentation (i.e. construction drawings).  Since a project lifecycle consists 
of several stages, the amount of time and effort contributed to the two processes must be 
adequately managed to ensure project success – in terms of performance and cost.  However, 
unforeseen changes in design input parameters can result in costly re-work despite how 
effectively the structural processes are managed.  Existing literature showed that the ability to 
impact the project cost and performance steadily decreases as the project progresses.  
Conversely, the cost of design changes increases as the project progresses.  Therefore, to 
ensure project success, structural engineers must ensure that the time and effort contributed 
at the early stages of a project are kept minimal.  Moreover, structural engineers must ensure 
that optimal solutions adhering to all requirements are always provided to avoid costly design 
changes at later stages of a project.  Existing literature has also highlighted that more than 
60% of the architecture, engineering, and construction (AEC) community believe in the 
potential of automation and generative design methods to improve the structural design and 
analysis processes.  Therefore, this paper aims to evaluate the possibility of reducing the time 
and effort required for structural engineers to perform re-work for box culverts following the 
need for unforeseen changes to the design input parameters.  The previously cumbersome 
and time-consuming manual structural design and 3D modelling processes for box-culverts 
were transformed into an algorithmic form.  Mixed data collection techniques were used for in-
depth exploration of the interviewed participant’s perspectives, to validate the proposed 
theoretical process model.  A combination of the literature review and interview findings were 
used to determine the design and 3D modelling input parameters and sequence of 
computational processes required to automate the structural engineering processes for box 
culverts.  Moreover, validation of the proposed parametric design process model with 
practising professional structural engineers and 3D modellers confirmed that automating the 
structural design and 3D modelling processes can result in reduced time and effort that can 
be beneficial when re-work is required. 
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Structural engineering is defined as the science of designing economical and safe buildings, 
bridges, and similar infrastructure.  These infrastructural amenities are designed so that they 
can withstand the forces imposed on them during operation [1].  The structural engineering 
process consists of two main sections, namely:  the design of the structural system, and the 
production of construction documentation such as drawings.   
 
With regards to the production of construction documentation, the drafting-centric structural 
engineering workflow is a linear progression approach, where each process is completed in 
sequential and isolated steps [2], [3].  An example of a process following the drafting-centric 
workflow is a design engineer providing a draughtsperson with sketches indicating the 
geometry of the designed structural members for generating construction drawings [4].  This 
approach is effective up until a re-design of the parameters is required due to enforced 
changes – at which point the project may not adhere to its predefined budget constraints [2], 
[5]. 
 
Over the past 50 years, technology has transformed structural engineering by introducing 
Building Information Modelling (BIM), resulting in an improvement of the drafting-centric 
workflow process through automation [6].  This approach of design automation is better known 
as parametric design, and has drastically increased productivity in the building industry [7], 
[8].  The parametric design scheme is created by defining the parameters related to the 
structure’s geometric and material properties [3], [9].  The process is achieved by transforming 
the traditional design process into an algorithmic form, which represents the sequence of the 
computation of data to produce designs, and three-dimensional (3D) models [8].  The ability 
for the engineer to modify the design process by changing the relevant design parameters 
guarantees that a reduction in design time due to efficient responses to design changes, and 
the ease of reusing the parametric model on similar or standardised structures, occurs [2], 
[10].  
 
To gain an understanding of the current challenges related to automated structural design 
optimisation through the use of BIM platforms, Hamidavi et al. [11] have recently conducted 
surveys to identify the current challenges experienced in the structural design and coordination 




professionally accredited structural engineers of the Institution of Structural Engineers 
(IStructE), Institution of Civil Engineers, (ICE) and the American Society of Civil Engineers 
(ASCE) in the United Kingdom (UK).  Moreover, the questionnaires required the respondents 
to provide possible solutions for the issues reported.  The results obtained from the 
quantitative analysis conducted by Hamidavi et al. [11] showed that the challenges reported 
by the survey respondents consisted of: 
 structural design automation (21% of respondents); 
 interoperability with other disciplines (21% of respondents); 
 structural design optimisation (20% of respondents); 
 conceptual structural design (18% of respondents); 
 structural design detailing (11% of respondents);  
 structural analysis (7% of respondents); and  
 other issues (2% of respondents). 
 
According to Hamidavi et al. [11], the survey results have shown that more than 60% of the 
respondents believe in the potential of automation and generative design methods to improve 
the structural design and analysis processes.  Similarly, Manmeetsingh and Julian [12] advise 
that automation of both the design and drawing processes should be investigated to reduce 
the time and effort required for performing re-work for the designs and drawing processes.  
Moreover, Alwisy et al. [13] state that the automation of the design and drawing processes will 
have a significant impact on the cost of producing the final product.   
 
Box culverts are an example of simple, repetitive structures which can benefit from the design 
and 3D modelling automation [12].  Similar to bridges, the structural behaviour of box culverts 
is regulated by a set of design parameters [5].  Moreover, box culverts are often referred to as 
minor bridges, since they serve a similar function of supporting traffic loads while 
simultaneously discharging water that crosses roads and railways [14].  A typical box of 
culvert’s barrel components consists of two or more sidewalls, a roof slab and a foundation 
raft slab [14].  An example of a constructed triple barrel culvert supporting a railway is shown 
in Figure 1.1 [15].  Communication of the structural design intent for construction purposes is 
illustrated using construction drawings [16]. For a triple barrel culvert, the design intent for the 







Figure 1.1:  Typical triple barrel culvert [15] 
 
 
Figure 1.2:  Typical standard detail for a three-cell CIP box culvert (main reinforcement only)  
[17] 
 
Since the culvert design procedure is repetitive [12],  it offers an opportunity for the repetitive 
process to be transformed into an algorithmic form.  The developed algorithmic form would 
illustrate the parameters and sequence of the computation of processes required to produce 




Standardisation of design procedures has improved the manual structural design process of 
box culverts.  For instance, the design procedure prescribed in the National transport 
commission’s (NTC) design manual for standard box culverts [18] allows for selecting a box 




standardisation of design procedures, the production of the two-dimensional (2D) technical 
drawings for the designed box culvert is a labour-intensive part of the drafting-centric workflow, 
as per Bhusar et al. [2].  Furthermore, revising the 2D technical drawings following a design 
change is a cumbersome task for the structural engineer [2].  As previously discussed, the 
nature of the 2D drafting-centric design workflow opens high possibilities of exceeding a 
project’s budget due to the re-work caused by design changes.  This is primarily due to the 
design and drafting processes being carried out in sequential, yet isolated steps [2], [3]. 
 
Regarding Figure 1.3, it can be seen that the amount of effort required on a project 
implementing the drafting-centric workflow steadily increases during the preliminary and 
detailed design phases [2], [19].  The potential to impact the project cost and performance is 
at its maximum at the start of the preliminary design phase and decreases as the project 
progresses through its different phases [2], [19].  Conversely, any changes implemented 
during the preliminary design phase result in low-cost implications to the project’s budget but 
tend to increase as the project progresses through its different phases [2], [19].  The effort 
required for the drafting-centric workflow significantly increases during the construction 
documentation stage, which includes the production of technical drawings.  Thereafter, the 
required effort reduces accordingly.  The maximum effort required for the drafting-centric 
workflow occurs when the cost implication of implementing design changes is slightly higher 
than at the start of the project [2], [19]. 
 
 
Figure 1.3:  Drafting-centric structural engineering workflow [2], [19]  
 
While the 2D centric workflow uses traditional CAD tools to complete the design and drawing 
processes in sequential, yet isolated steps [2], [3], the 3D parametric design workflow 




2D drafting-centric workflow to perform design optimisation is theoretically possible, but not 
realistic since the process is repetitive and results in numerous costly design change [2].  In 
contrast, the 3D parametric design approach provides efficient responses to design changes 
since all members modelled are automatically updated with each design alteration, resulting 
in reduced production costs [2], [9], [10], [19].   
 
With reference to Figure 1.4, it can be seen that the effort required for the BIM engineering 
workflow significantly increases during the preliminary and detail design stages of a project, 
since the design and modelling processes are linked through means of automation [9], [19].  
The high potential to impact the project cost and performance and the low cost of design 
changes at the early phases of a project allows the engineer to optimise a design with little 
risk since the parametric model is automatically updated with each design alteration [13].  The 
effort required for the BIM engineering workflow rapidly reduces after the detail design phase 
and remains at a constant low as the project progresses through its remaining phases, which 




Figure 1.4:  BIM structural engineering workflow [2], [19] 
 
In brief, the benefits provided by the parametric design approach are: 
 The 3D parametric design workflow is faster than the conventional 2D drafting-centric 
workflow since the design and drawing processes are integrated [9]; 
 Alterations to the design parameters and structural model produced are updated 




 The ability to use a generated 3D parametric model as a template for later use on a 
similar or standardised structure allows for the same project to be modified without re-
modelling the structure [9]. 
 
1.3 Problem statement 
 
Although standardised design procedures reduce the design time of structures such as box 
culverts, the inevitable design change encountered in a drafting-centric workflow leads to a 
problem where the effort required for structural engineers to revise technical drawings 
negatively impacts a project’s performance [2], [19].  Therefore, development of a 
parametric design approach for repetitive structures such as box culverts is required 
to reduce the time and effort required for revising 3D models for producing technical 
drawings following a re-design.  
 
1.4 Research objective 
 
The objective of this research is, therefore, to evaluate if transforming the manual structural 
design and 3D modelling procedures for box culverts into an algorithmic form can reduce the 
time and effort to re-design and thereafter update 3D models.  Axinn et al. [21] advise that a 
researcher should first identify research questions to solve the research objective before the 
commencement of the research process.   
 
1.5 Research questions 
 
RQ 1:   What are the input parameters required to start the standard box culvert design and 
3D modelling processes?  
 
RQ 2: What is the sequence of the computational processes required for automating the 
standard box culvert design and 3D modelling processes?  
 
RQ 3: How will the proposed parametric design approach provide structural engineers with 
the benefits of reduced time and effort following re-work of a standard box culvert? 
 
1.6 Importance of the research 
 
This research will supply an in-depth analysis of the transformation procedure for the manual 
design and 3D modelling processes of box culverts.  Moreover, a process model will be 
proposed to reduce the time and effort required to revise the box culvert designs and 3D 




parameters and sequence of computational processes required to transform the standard box 
culvert design and 3D modelling procedures in a transformed algorithmic form.  The developed 
process model will be proposed to automate the previously labour-intensive drafting-centric 
workflow to achieve a reduction of the time and effort required to perform a re-work.  
 
1.7 Research design 
 
A review of existing academic literature prescribing the standard box culvert design and 3D 
geometric modelling procedures will be carried out to develop a theoretical model for 
automation of the currently manual design and 3D modelling procedures.  
 
The theoretical model was expected to show an in-depth description and understanding of the 
transformed manual culvert design and 3D modelling procedures, including the required input 
data and sequence of design processes required to design and automatically produce a 3D 
culvert barrel model for the production of detailed construction drawings. 
 
Structured interviews with professionally registered structural engineers and BIM managers 
were conducted to validate if the proposed theoretical model can reduce the time and effort 
required to perform re-work on standard box culverts projects.  Moreover, the data obtained 
from the literature review and interviews were used to answer the research questions 
identified. 
 
1.8 Research document layout 
 
The layout of this document is as follows: 
 
Chapter 1 – This chapter shares the introduction to the research problem.  
Chapter 2 – This chapter deals with the literature review to develop a theoretical model for 
automating the currently manual design and 3D modelling procedures. 
Chapter 3 – The research method proposes how the research was conducted is covered. 
Chapter 4 – Data collection and analysis of results collected are shared in this chapter. 
Chapter 5 – The conclusion presents the benefits or deficiencies of the proposed parametric 




The structural engineering process consists of two main sections, namely structural design, 




drafting-centric workflow, which is mainly 2D-based and consists of sequential and isolated 
processes for completing designs and producing drawings.  However, the 2D-based traditional 
drafting-centric approach is effective until a re-design is required due to changes in certain 
design parameters.   
 
A need for structural design and drawing re-work can either be a result of pursuing an optimal 
design or rectifying incorrect assumptions made during early project phases due to 
unavailability of insufficient information.  Depending on how late in the project the design 
changes are required, the implications could be costly to the organisation and negatively 
impact the project’s budget due to reworking. 
 
Standardisation of design procedures significantly improves the rate at which engineers can 
perform re-designs.  However, the same cannot be said for performing the re-work related to 
producing drawings under the drafting-centric workflow following a re-design.  The introduction 
of BIM tools presented opportunities for automating the structural design and 3D modelling 
processes.  Hence, automating the design procedure can result in a time saving for revising 
BIM models, since any changes required for the design can be made by changing the 
appropriate design parameters and automatically revising the 3D geometric model.  The extent 
of this study was limited to the process of automatically updating the 3D geometric model, and 
not the process of producing and performing alterations to detailed construction drawings 











Road construction projects consist of various types of infrastructure such as bridges and 
culverts.  The infrastructure choice depends on the stakeholder’s requirements and influence 
from the project environment.  For instance, box culverts are generally used in road 
construction where the watercourses such as streams are located at a level significantly lower 
than the final road level [12].  Since both culverts and bridges often serve the same functions, 
culverts are often preferred as cheaper alternatives over bridges, due to the significantly lower 
construction costs of a culvert [22].  Furthermore, the regulations governing the design of 
culvert structures are similar to those of bridges, since both structures are expected to support 
traffic loads [23].   
 
Depending on the scale of the project and infrastructure required, project professional teams 
may include several stakeholders.  Moreover, the recent advances in information technology 
have increased the number of tools available for completing the design and drawing 
processes.  Therefore, the selected project delivery method and tools used have significant 
effects on the efficiency of completing the design and drawing processes of repetitive 
structures such as box culverts.   
 
This chapter consists of a review of existing literature within the Architecture, Engineering, and 
Construction (AEC) community, to derive a theoretical model for improving the current 
structural engineering design and drawing processes required in culvert projects.  To develop 
the theoretical model for reducing the effort and duration required for performing re-work 
following design changes, the current activities, challenges and proposed solutions for the 
design and modelling processes will be identified.  Furthermore, existing survey data obtained 
from professionally accredited structural engineers were compared against the challenges and 
proposed solutions highlighted in the existing literature. 
 
2.2 Traditional and integrated project delivery methods 
 
Current literature on construction project delivery methods has referred to the regulations and 
guidelines recommended by the American institute of architects (AIA) and the “MacLeamy 
Curve” [20].  For instance, research by Rempling et al. [8] and Solnosky [24] has focused on 




delivery method (IPD).  The sequence of project phases for each project delivery method (IPD 




Figure 2.1:  The MacLeamy Curve [20] 
 
Regarding Figure 2.1, it is clear that the traditional project delivery method resembles the 
drafting-centric workflow previously discussed by Bhusar and Akhare, and Gilkinson et al. [2], 
[19].  Whereas the IPD method resembles the building information modelling (BIM) 
engineering workflow [13].  Hence, the effort required on a project implementing the traditional 
project delivery method steadily increases during the later phases of the project [2], [19], [20].  
In addition, the effort required for the IPD method significantly increases during the early 
phases of a project [9], [19], [20].   According to Rempling et al. [8], the early increase of effort 
required for the IPD method is caused by the early involvement of the project stakeholders, 
which enhances the coordination and early decision-making processes.  Moreover, Abrishami 
et al. [25] have advised that using BIM tools for integration of all stages of IPD projects can 
enhance the early decision-making processes at early stages of projects.   
 
According to Romo et al. [3] and Bhusar and Akhare [2], the traditional project delivery 




coordination of design information.  The delayed coordination of design input data often results 
in designers making assumptions during the early project phases due to the lack of finalised 
information.  However, early coordination of design information is crucial in developing the 
desired pre-design to avoid costly design changes at later phases of projects [3], [11].  Hence, 
since the structural design input data is often provided by the civil and geotechnical engineer 
[26], early involvement of the principal disciplines in an IPD is seen by Rempling et al. [8] and 
Solnosky [16] as a possible solution for the challenges related to delayed coordination of 
design input data.   
 
2.3 Structural design process 
 
Existing research has shown that the structural design process can be split into two sections, 
pre-design [3] and design optimisation [11].  According to Romo et al [3], the success of 
selecting the preliminary structural system to be optimised relies on a good pre-design.  
Moreover, a good pre-design during the early stages of a project can minimise the number of 
problems encountered during the later project phases [3].   
 
2.3.1 Pre-design for evaluation of possible solutions 
 
According to Manmeetsingh and Julian [12], the structural design of culverts in India requires 
design information from the other disciplines and the appropriate design regulations.  The 
design input data received and the loading conditions specified by the country’s design 
regulations are used to develop a mathematical model to first analyse the structure using 
computational tools, followed by using spreadsheet tools [12].  Similarly, Romo, Bögle, and 
Meyboom [3] state that the traditional structural design process shown on Figure 2.2 first 
requires the development of a structural concept design, implemented in the ‘structural 
conceptual design phase’.  According to Solnosky [24], the conceptual design phase requires 
the engineer to first develop the characteristics and relationships of the structural system.  
Moreover, the repetitive conceptualisation process uses predetermined standards within the 
organisation (i.e. the span-to-depth ratio rules) [27] and simplified analysis calculation 
procedures (i.e. culvert design coefficient tables) [28].  Once an ideal structural concept design 
is achieved, a mathematical model of the “frozen” or finalised conceptual design geometry is 
produced.  Moreover, the finalised mathematical model should consist of both the geometrical 
and mechanical properties of the structural system, to allow for finite element analysis (FEA) 
and design [3].  Since the FEA model is generated through a three-dimensional (3D) BIM tool, 






Figure 2.2:  Traditional structural design procedure [3] 
 
Once the analytical model is produced, the design loading criteria is defined as per the relevant 
design regulations, and the structure is thereafter analysed and designed [3].  Design 
regulations such as the Technical manual for highways (TMH7) [29] and the BS 5400 and BD 
37/01 [30], [31] standards require designers to consider the behaviour of structures under limit 
states design conditions.  For instance, Dawe [32] states that the BS 5400 [15] categorises 
the design conditions into the Ultimate Limit States (ULS) and Serviceability Limit States 
(SLS).  Moreover, SLS focuses on durability by considering the state of the structure under 
normal operational conditions [29], [32].  Whereas ULS is more concerned with the failure 
modes of the individual structural members which might result in the collapse of the structure 
[29], [32].  As previously discussed by Manmeetsingh and Julian [12], the analysis process is 
followed by the design of each structural component, and the completed design intent is 
thereafter detailed [3].  Once the evaluation of alternative structural systems is concluded, the 
pre-designed structural system can thereafter be optimised [3].   
 
2.3.2 Optimisation of design solution 
 
Recent advances in information technology have led to the AEC community investigating the 
use of FEA computational tools and engineering first principles for more economical structural 
design.  The preference of using FEA computational tools is based on the time and effort 
benefits experienced when performing structural designs [33].  Several researchers have 
shown that the use of FEA tools can add value to the analysis and design procedure by 
producing more accurate and realistic analysis results.  For instance, Ulger, Okeil and 
Elshoura [17], Zhu et al. [34], and Kang et al. [35] have all used an FEA software package to 




researchers was that the use of the advanced FEA tool’s ability to simulate realistic load 
effects allows engineers to produce economical structural designs in comparison to the 
simplified analysis calculation procedures.   
 
In brief, the activities and tools used for the traditional structural design process of repetitive 
reinforced concrete structures such as box culverts are shown in Table 2.1. 
 
Table 2.1:  Culvert design activities and tools 
Culvert design activities Tools used for completing activities 
Definition of design input parameters [36]  Coordinated information from other 
disciplines, i.e. civil models and 
geotechnical engineering reports [16] 
 
 Design regulations such as the TMH7 [29] 
and the BS 5400 and BD 37/01 [30], [31] 
Conceptual design procedure for evaluating 
various design alternatives [3] 
 Predetermined standards, i.e. the span-to-
depth ratio [27] 
 
 Simplified analysis calculation procedures, 
i.e. the culvert design coefficients [28] 
Visualisation of the finalised structural concept 
geometry [3] 
BIM environment and FEA tools [3] 
Structural analysis of the “frozen” geometry for 
limit states design criteria [3] 
FEA tools [3] 
Structural design of analysed structure [36] Frame and FEA tools [3], [36] 
 
With reference to Table 2.1, it is clear that the design input parameters are obtained from the 
design regulations and coordinated information from the other disciplines.  Furthermore, using 
predetermined standards and simplified calculation procedures aid the engineer in quickly 
evaluating various design alternatives.  Once the structural concept geometry is finalised, BIM 
tools are then used to visualise, analyse, and design the concept geometry to determine the 
attributes of the final structure. 
 
2.3.3 Challenges faced in structural design 
 
Current literature has highlighted four challenges faced within the AEC community about the 
structural design process:  
 uncertainty and availability of design information received during early project phases; 
 the interoperability of BIM data between computational tools; 
 the amount of time allocated to the pre-design process of evaluating alternative design 
solutions; and 





Since the early design input data received from the other disciplines is not final and is prone 
to change, the effort required to continuously evaluate design alternatives during criteria 
design should be minimal [8].  For example, while evaluating alternative culvert geometry 
based on the system requirements; the civil engineer could alter the culvert geometry from a 
large single opening culvert to a multiple opening culvert with smaller openings [37].  Changes 
made to the information received from the other disciplines during the early project phases 
can result in the structural engineer restarting the pre-design process [24].  Moreover, changes 
made to the design input data late in the project lifecycle can lead to expensive structural 
design changes and an excessive amount of time and effort required for the re-design. 
 
Current literature within the AEC community has shown efforts made in utilising information 
technology to support the early decision-making and coordination process required in 
structural design [11].  However, the interoperability between different BIM tools causes 
challenges for coordination of information between each project discipline [38].  Research by 
Ran, Jiansong and Nicholas [39] and Lothar [38] has evaluated and highlighted certain 
limitations to the use of the neutral IFC (Industry Foundation Class) data format for 
coordination purposes.  For instance, Ran et al. [39] and Lothar [38] mention that the ability of 
IFC files to only possess geometric intelligence is a limitation for performing mathematical 
tasks such as structural analysis and design.  Moreover, the reason for the limitation is that 
BIM files contain more intelligent data-structures than basic geometric files [38].  Hence, when 
evaluating the interoperability of IFC data with three FEA software tools, Ran et al. [39] report 
that only two out of three FEA tools could successfully import IFC data.  However, the 
successful data exchange process still required the use of an intermediary platform as a data-
transfer aid [39].  
 
Despite the importance of a good pre-design early in the project lifecycle, the amount of time 
allocated to the conceptual design process is only a small fraction of the total time allocated 
to the project [3].  An example given by Romo et al. [3] is the need to revise a mathematical 
model following receipt of undesired analysis results.  The additional time required for re-
analysing the updated analytical model might not be allocated to the project budget [3].  
Furthermore, any alteration made to the “frozen” structural geometry might result in the same 
changes required for the structural geometric model for producing technical drawings – if it is 
combined with the engineer’s re-design work, it could deplete the allocated project budget [2], 





In addition to the interoperability challenges experienced when using FEA tools, current 
research has also highlighted design optimisation limitations regarding the use of FEA tools.  
For instance, Mangal et al. [33] mention that the current structural design optimisation process 
of reinforced concrete frames is currently either conducted manually or semi-automated 
through the use of FEA tools.  Moreover, Mangal et al. [33] advise that these manual and 
semi-automated design approaches are too time-consuming and error-prone.  Similarly, 
Manmeetsingh and Julian [12] advise that although the use of spreadsheet tools in 
computational design is to a certain extent automated, it still requires manual input during 
design, which makes the semi-automated approach error-prone and time-consuming [12].  
Despite the ability of FEA computational tools to simulate realistic loading effects on a 
structure, the tools do not use any multi-criteria decision analysis to find the optimal design 
solution [33].  For example, Mangal et al. [33] advise that FEA tools will only analyse and 
propose only one design solution instead of evaluating various alternatives for the proposed 
design solution.  
 
In brief, the challenges highlighted by current literature on the activities and tools used for the 
traditional structural design process of repetitive reinforced concrete structures such as box 





Table 2.2:  Challenges in structural design highlighted in the current literature 
Culvert design activities Tools used for completing 
activities 
Challenges highlighted in the 
current literature 
Definition of design input 
parameters [36] 
 Coordinated information from 
other disciplines, i.e. civil 
models and geotechnical 
engineering reports [16] 
 
 Design regulations such as the 
TMH7 [29] and the BS 5400 
and BD 37/01 [30], [31] 
 Uncertainty and 
availability of design input 
data from other disciplines 
at early project phases [8] 
 
 Interoperability of BIM 
data between various 
tools [38], [39] 
Conceptual design 
procedure for evaluating 
various design alternatives 
[3] 
 Predetermined standards, i.e. 
the span-to-depth ratio [27] 
 
 Simplified analysis calculation 
procedures, i.e. the culvert 
design coefficients [28] 
 Minimum time allocated 
to conceptual design for 
evaluation of various 
design alternatives [3] 
Visualisation of the finalised 
structural concept geometry 
[3] 
 BIM environment and FEA 
tools [3] 
 Interoperability of BIM 
data between various 
tools  [38], [39] 
Structural analysis of frozen 
geometry at limit states 
design criteria [3] 
 FEA tools [3]  Interoperability of BIM 
data between various 
tools  [38], [39] 
Structural design of analysed 
structure [36] 




optimisation process [33], 
[36] 
 
With reference to Table 2.2, the challenges in structural design highlighted in current literature 
consist of the uncertainty of design input parameters coordinated during early project phases.  
Moreover, the interoperability of BIM data created by various software packages causes 
challenges when coordinating design information.  Although simplified calculation procedures 
have reduced the effort and time required for the conceptual design process, the current 
manual and semi-automated design processes can be further improved to reduce the time 






2.4 Automation of the pre-design and optimisation processes 
 
Current literature has shown that the AEC community was most favourable towards the use 
of parametric design for automation of the structural design process and resolving the 
challenges met in structural design.  Moreover, several researchers have also found the early 
project phases for implementation of design automation solutions.  For instance, Hamidavi et 
al. [11] advise that automation tools are more practical during the early design phase of a 
project because designers can better influence the performance and cost of the project.  
Moreover, the opportunity to influence a project’s performance earlier in the project lifecycle 
highlights the importance of design optimisation during early project phases [11].  Similarly, 
Holzer [40] states that exploring the automation capabilities of parametric design generative 
algorithms may provide engineers with possibilities of manipulating BIM data with more 
flexibility at early phases of the IPD.  Moreover, introducing automation to repetitive design 
processes during the early phases of a project can help reduce the risk of encountering 
expensive design changes in later project stages [11]. 
 
2.4.1 Parametric design approach for early design automation 
 
Two types of parametric design methods were found in the current research synthesis: a BIM-
based computational algorithm, and a web-based computational algorithm.  Although both 
methods use similar types of computational algorithms for automation of the design and 
optimisation processes, the BIM-based method requires integration with BIM software 
packages [3], [11], [33], [41], while the web-based tools do not [12], [42].  Moreover, the 
programming languages required for each of the computational algorithms were also found to 
be either graphically [3] or textually [8], [36], [42]. 
 
2.4.2 BIM-based parametric design automation 
 
Parametric design techniques are rapidly emerging as agile design tools for evaluating various 
design alternatives with minimal effort [3] and limited computer programming skills [11], [43].   
According to Romo et al. [3], the use of parametric design can be a double-edged tool. On the 
one hand, the automation tool can be used at early project phases to evaluate design 
solutions; whereas, conversely, the tool can be used for optimisation purposes by setting out 





According to Tarek et al. [19], parametric design refers to the link between creative problem 
solving and powerful computational algorithms to automate, simulate, script, parameterise and 
generate design solutions.  Moreover, parametric design tools offer possibilities of expanding 
the current capabilities of BIM tools by [19]: 
 Assessing and changing design parameters; 
 Automating the modelling and designing of structures; and 
 Establishing links between BIM models and almost any external software. 
 
2.4.3 Assessing and changing design parameters 
 
Several studies have been conducted to evaluate the ability to generate geometric and 
mathematical models by assessing and changing predetermined parameters.  For instance, 
the recent study by Romo et al. [3] proposed a parametric approach for design optimisation 
during the early project phases.  The proposed approach used a generative algorithm to 
automatically generate a combined geometrical and mathematical model for automatically 
exporting into a commercial FEA tool [3].  Similarly, Hamidavi et al. [11] have also developed 
a generative design algorithm for automating the pre-design and optimisation processes at 
early project phases.  The design automation solution was developed for comparison, 
evaluation, and optimisation of alternative structural designs generated during the early project 
phases [11].   
 
With reference to Figure 2.3 the parameterisation process proposed by Romo et al. [3] 
requires the user to first define three parameter categories: fixed parameters, variable 
parameters, and conditioned parameters.  The fixed parameters are classified as parameters 
with constant values, such as the width and length of a structural component [3].  Whereas 
the variable parameters are classified as values which vary between a specified range, such 
as the spans of structural components between supports [3].  Lastly, conditioned parameters 
are classified as the design parameters which are mathematically related to the variable 
parameters.  For example, the span-to-depth ratio rule would be considered as a mathematical 
relationship between the depth of the component (conditioned parameter) and the span of the 
component between supports (variable parameter) [3].  Once the parameterisation process is 
complete, Romo et al. [3] advise that the design target objectives for multi-criteria analysis can 
be defined.  Thereafter, the algorithm for automating the design optimisation process can be 






Figure 2.3:  Parametric design workflow [3] 
 
2.4.4 Automatic design optimisation of structures 
 
Once the structural model is parameterised, the automatic design process shown in Figure 
2.4 starts by automatically generating a 3D geometric and mathematical model in a BIM 
environment such as Rhino [3] or Revit [11].  The 3D models are generated through a visual 
programming algorithm editor such as Grasshopper [3] or Dynamo [11], which allows the 
designer to develop generative algorithms for automatically modelling the 3D geometry in both 
the BIM [3] and FEA environment [11].  According to Hamidavi et al. [11], previously manual 
analysis and design calculations can be pre-defined in Dynamo [44]  as custom packages by 






Figure 2.4:  Automated structural optimisation scheme [3] 
 
The benefits of the generative parametric design are not only experienced in evaluating 
multiple design alternatives but also in performing multi-criteria analysis for design 
optimisation [3], [11].  By using a visual programming tool, the parameterised model, FEA tools 
and multi-criteria optimisation algorithms can be integrated to optimally design the structure 
[3], [11].  Moreover, the user can define design output targets to improve the decision-making 
process when the structural solution is broadly defined [3].  For instance, the allowable 
structural deflection criteria prescribed by the relevant design regulations can be set as a 
design target for optimisation [3].  Moreover, setting design targets to refine the design 
solutions generated by the optimisation algorithm can improve the optimisation process [3], 
[8], [41].  
 
Similar to the automated structural optimisation scheme presented by Romo et al. [3], the 
optimised structural design (OSD) framework developed by Hamidavi et al. [11] also uses a 
combination of various BIM tools.  The BIM tools proposed by Hamidavi et al. [11] for the OSD 
framework are Revit [45], Robot Structural Analysis Professional (RSAP) [46] and Dynamo 
[44]. With reference to Figure 2.5, the automated design optimisation process consists of three 
sections: structural analysis and design, evaluation of design solutions, and decision analysis.  
Integration of the design input data from Revit [45] with the RSAP [46] analysis tool was 
created by using Dynamo’s [44] ability to interact with the Revit [45] and RSAP [46] application 
programming interfaces (API) [11].  According to Hamidavi et al. [11], using Dynamo allows 
the designer to synchronise the design input parameters obtained from the other discipline’s 
coordinated Revit [45] information, and the RSAP [46] structural model.  Hence, the 




within RSAP [46] for FEA and structural design [11].  Moreover, Hamidavi et al. [11] mention 
that the link created by Dynamo [44] ensures that any later changes made by other disciplines 
to the Revit [45] information previously received are automatically applied to the optimised 
RSAP [46] mathematical model [11].  For each mathematical model generated within RSAP 
[46], the design loading conditions are automatically defined from Dynamo [44], and the 
analysis results are generated thereafter for each structural model [11].  
 
 
Figure 2.5:  Automated OSD prototype framework [11] 
 
According to Hamidavi et al. [11], the evaluation process conducted in Dynamo [44] is 
supplemented by Python scripts developed for evaluating various design solutions.  Also, the 
decision analysis process of the OSD framework uses the structural analysis results received 
from each RSAP [46] mathematical model.  The analysis results are classified in terms of over-
design and under-design based on a predefined weighting score system [11]. 
 
2.4.5 Automatic BIM data transfer to address interoperability challenges 
 
To resolve issues related to the interoperability of BIM data between the structural engineer 




parametric design input data from the Revit [45] coordination model and the RSAP [46] 
structural model.  Moreover, Hamidavi et al. [11] advise that the integration of RSAP [46] with 
Autodesk companion tools such as Revit [45] and Dynamo [44] allows for a smoother and 
collaborative workflow for interoperability of 3D BIM data.   
 
The BIM-based optimisation methods discussed by  Rempling et al. [8], Romo et al. [3], 
Tafraout et al. [41], Hamidavi et al. [11], and Mangal and Cheng [33] mention the use of 
numerous computer applications, which is seen as a disadvantage by researchers such as 
Manmeetsingh and Julian [12] and Kang, Lho, Choi [42].  The effort and additional software 
required from the designer to exchange different types of data are highlighted by 
Manmeetsingh and Julian [12] and Kang, Lho, Choi [42] as challenges encountered in 
automating the structural design process. Hence, Kang et al. [42] and Manmeetsingh and 
Julian [12] investigated alternative methods for achieving full automation of the design 
processes. 
 
2.4.6 Web-based design automation 
 
To fully automate the structural design process while resolving the challenges related to BIM-
based automation tools, a web-based design tool for culverts was recommended by 
Manmeetsingh and Julian [12].  According to Manmeetsingh and Julian [12], using a web-
based design tool would not require any additional software to be installed for producing 
culvert designs.  Thus, no challenges will be experienced regarding the interoperability of 
various software packages, and full automation of the design process can be achieved [12].  
Unlike the partially automated spreadsheet and FEA tools currently used by engineers, a 
limited level of manual input is required on the web-based culvert design application [12], [42]. 
 
With reference to Figure 2.6, the web-based application’s algorithm was developed based on 
the standard design procedure followed in India.  The C# visual studio platform was used to 
develop the web-based design tool [12].  According to Manmeetsingh and Julian [12], the 
design parameters required at the start of the design process are the height and span of the 
structure, material properties, and geometrical attributes.  Thereafter, a database containing 
design-related information provided by standard design aids, developed according to India’s 






Figure 2.6:  Web-based culvert design algorithm [12] 
 
2.4.7 Automatic web-based transfer to address interoperability challenges 
 
Current research within the AEC community has also shown that the integration capabilities 
of parametric design tools are not only limited to BIM-based tools.  According to Kang et al. 
[40], the web-based drawing tool can analyse and design culverts by integration with other 
web-based analysis tools [40].  Similarly, Shoieb, Serror, and Marzouk [47] investigated the 
possibility of using the Internet to solve the challenges faced due to the interoperability of BIM 
data.  They developed a web-based interoperability tool and validated for data exchange of 
IFC data with two BIM FEA data formats.  Moreover, a new IFC data model in the structural 
domain was proposed as an ISO-based scheme for information exchange [47].   
 
In brief, the solutions highlighted by current literature to solve the challenges faced for the 
traditional structural design process of repetitive reinforced concrete structures such as box 




Table 2.3:  Proposed solutions to challenges in structural design 
Challenges highlighted in the 
current literature 
Proposed solutions to 
challenges highlighted in the 
current literature 
Tools used for solutions 
proposed in the current 
literature 
Uncertainty and availability of 
design input data from other 
disciplines at early project 
phases [8] 
 
Automated structural analysis 
and design procedures to 
reduce the duration of 
producing re-designs [3], [8], 
[11], [36] 
 BIM-based design 
automation algorithms 
[3], [8], [11] 
  
 Web-based design 
automation algorithms 
[36] 
Interoperability of BIM data 
between various tools [38], 
[39] 
Automated design procedures 
to enable data transfer of 
multiple formats [11], [47] 
 
 Visual programming plug-
ins to enable data transfer 
of multiple formats [11] 
 
 Web-based algorithms to 
enable data transfer of 
multiple formats [47] 
Minimum time allocated to 
conceptual design for 
evaluation of various design 
alternatives [3] 
Automated structural analysis 
and design procedures to 
reduce the duration of 
producing re-designs [3], [8], 
[11], [36] 
 BIM-based design 
automation algorithms 
[3], [8], [11] 
 




prone manual, or semi-
automated design 
optimisation process [33], [36] 
Automated structural analysis 
and design procedures to 
reduce the duration of 
producing re-designs [3], [8], 
[11], [36] 
 BIM-based optimisation 
automation algorithms 
[3], [8], [11] 
 
 
2.5 Modelling and drawing process 
 
Communication of the design intent requires a structural geometric model to be produced and 




where the information is required, different levels of drawing detail are required.  Research by 
Tarek, Khaled and Osama [48], and Solnosky [24] evaluated the required level of detail (LOD) 
for production of construction drawings in BIM workflows.  According to Tarek et al. [48], the 
level of detail (LOD) required in a typical workflow increases with the progression of design 
phases within a project lifecycle.  For instance, the LOD required for wall members is LOD100 
for conceptual design, LOD200 for criteria design, LOD300 for the detailed design, LOD400 
for fabrication drawings, and LOD500 for as-built drawings [48].   
 
As an example for the LOD200 required for the early project phase of criteria design, Rempling 
et al. [8] advise that the structural design information required on the assembly drawing 
consists of the following three-member level design outputs: 
 Choice of materials; 
 Choice of a suitable structural system as well as the layout; and  
 Member sizes of the critical structural members. 
 
According to Senescu, Mole and Fresquez [4], the production of a BIM model for drawing 
purposes is carried out by the BIM/Computer-aided design (CAD) manager.  Furthermore, 
production of the Revit [45] model takes significantly less time and effort in comparison to 
traditional CAD tools [4].  To better integrate the design and drawing project phases, the AIA 
[20] advise that BIM is one of the most powerful tools in supporting the IPD.  Moreover, the 
benefits of using BIM tools in an IPD are based on the ability to link a 3D model to a database 
of project information [20].  In addition, the BIM project delivery tool works hand in hand with 
the IPD process by leveraging the tool’s capabilities [20].  
 
2.5.1 Modelling and drawing process challenges 
 
Mangal and Chang [33] explain that traditionally, the process of producing construction 
drawings is carried out manually in 2D, which requires a lot more effort to update every drawing 
separately following any design changes. Moreover, communication of the design drawings is 
done in 2D, which can be improved to 3D for improved visualisation and communication [33].  
However, acquiring the tools capable of producing 3D geometry will require a cost factor to be 
considered by the organisation.  
 
2.6 Automation of the drawing process 
 
The research synthesis has shown that the use of two-dimensional (2D) CAD-based, 3D BIM-




community.  According to Alwisy, Al-Hussein and Al-Jibouri [13], automation of both the design 
and drafting process is the first pillar towards the industrialisation of the construction process.  
Moreover, the advantages of automating the two processes result in reducing redundant 
activities, design errors, and effort required to perform any re-work.  The aforementioned 
advantages are confirmed by Juhee et al. [49], who explained that recent construction projects 
with tight schedules and budgets have shown patterns of requiring project workflows resulting 
in minimal effort to produce drawings.   
 
2.6.1 2D CAD-based drawing automaton 
 
Current research has shown that the process of developing construction drawings can be 
carried out either in 2D or 3D.  According to Omoregie and Turnbull [50], the introduction of 
2D computer-aided design (CAD) in the AEC community has considerably improved the 
classical method of producing hand drawings.  The benefits were clear in the time saved by 
using 2D CAD software instead of producing drawings by hand [50].  According to Kang, Lho, 
Choi [42], various engineering firms have developed computer applications capable of 
automatically producing drawing information based on design information.   
 
Evidence of the statements given by Omoregie and Turnbull [50] and Kang et al. [42] is 
presented by Rosick, Mlynarski and Fitzgerald [51], whose research showed how 2D CAD 
drawing tools were used to automatically produce bridge construction drawings for the 
Pennsylvania department of transportation (Penndot).  The Penndot’s computer application 
automatically produced 2D drawing data by retrieving the relevant standardised construction 
drawing details related to the design parameters of bridges [51].  Rosick et al. [51] explained 
that the automation of the drawing process was achieved by developing a graphic system to 
select applicable construction details from 260 pre-drawn 2D details.  Furthermore, Rosick et 
al. [51] mention that the programme determines the required construction details based on 





2.6.2 BIM-based modelling automation 
 
In comparison to the traditional CAD methods, Omoregie and Turnbull [50] state that the 
introduction of BIM has made it possible to produce intelligent models for construction 
documentation.  Furthermore, the use of 3D models helps professional teams better illustrate 
their design intent and visualise the full structure before construction [50].   According to 
Jaehyun and Hubo [52], one of the advantages of using a BIM 3D model for producing 
drawings instead of the traditional 2D CAD is the ability for the BIM software to detect model 
member clashes across all disciplines.  Moreover, Lancaster and Tobin [53] mention that using 
BIM to create intelligent 3D mathematical models during the early design phases can be 
harnessed for the downstream use of producing construction drawings.  According to Solnosky 
[24], the downstream processes in project delivery methods include the production of 
construction drawings.   
 
As previously discussed under the preceding structural design sections, Romo et al. [3] have 
discussed how BIM parametric design tools are capable of not only optimisation but also 
automatic 3D modelling through the use of visual programming algorithms.  According to 
Romo et al. [3], visual programming platforms are usually pre-integrated within parent BIM 
environments.  The visual programming software plugins allow users to generate and 
manipulate 3D BIM geometry by creating generative parametric algorithms [3].  Similar to 
Penndot’s computer application for automatically producing bridge drawings [51], Romo et al. 
[3] state that generative algorithms can be used to automatically model 3D geometry to 
produce drawings from the parameters defined by the user at the start of an automated design 
process. 
 
The statement made by Romo et al. [3] was recently validated by Juhee et al. [49], who 
developed an algorithm automating the BIM model generation process by using design 
parameters.  Moreover, Juhee et al. [49] advise that the proposed modelling automation 
algorithm can shorten the requisite time for modelling regardless of the type of work.  The 
automatic modelling process proposed by Juhee et al. [49]  consists of three sections of 
computational processes: (1) Modelling input data, (2) 3D object modelling, and (3) property 
assignment to 3D model objects.  Information such as setting out positions, geometric 
attributes of model components, and material properties are required as input data for 
automated 3D object modelling [49].   Hence, since BIM files contain more intelligent data-
structures than basic geometric files [38], the design output parameters determined at the end 





As shown in Figure 2.7, the automated process of modelling geometry on location is enabled 
by the use of reference grids and level information, which are used to determine the positions 
of each model component [49].  Using the object’s location information and geometric 
attributes, the modelling process generates the 3D geometry based on the extrusion lengths 
and heights of each model component [49].   According to Juhee et al. [49], the extrusion of 
each component is based on the sectional profile.  For instance, objects such as walls and 
columns would be extruded vertically (height), whereas beams would be extruded horizontally 
(length) [49].  Once the 3D object has been generated, material properties defined at the start 
of the automation process are assigned to the appropriate model components, and quantity 
information is thereafter accessible [49].  Moreover, construction information such as technical 
drawings can also be produced by adding material tags and construction details to the 
automatically modelled geometry [49]. 
  
 
Figure 2.7:  Dataflow for automatic BIM modelling [49]  
 
For the member automatically modelled by Juhee et al. [49] Figure 2.7, the following 
information was accessible from the BIM environment’s API (Application programming 
interface) by the integrated visual programming plug-in, as per Romo et al. [3] and Hamidavi 





 Width (B) and length (H) of 400mm;  
 Member type is a column; 
 Member name is C1; 
 Height of Column is 4.400m, since: 
o Base level B1F is 0.000m;  
o Top level 1F is 4.400m; and 
 Structural material is concrete.  
 
 
Figure 2.8:  Typical BIM model component database information [49] 
 
2.6.3 Web-based drawing process automation 
 
Following the success obtained from their web-based culvert design tool, Manmeetsingh and 
Julian [14] recommend that the development of a web-based tool capable of automating both 
the design and drawing processes should be investigated.  Moreover, Manmeetsingh and 
Julian [14] advise that development of a web-based culvert design tool would not only fully 
automate the design and drawing processes, but also provide an effective means of managing 
design and construction documentation.  Current literature has shown that Kang, Lho, Choi 
[42] have developed a web-based parametric design application capable of not only web-
based design and design information storage, but also automatic 2D drawing production.   
 
According to Kang et al. [42], the introduction of Internet technologies such as the extensive 
mark-up language (XML), scalable vector graphics (SVG) and active server pages (ASP.NET) 
into the AEC industry was accompanied by the potential to represent and browse dynamic 
information more efficiently on the web.  The choice of the three programming methods for 
parametric design and drawing automation was based on their respective capabilities.  




large-scale electronic publishing and data exchange over the web.  SVG is an application of 
XML, which allows for defining tags for illustrating graphics [42].  Lastly, ASP.NET is one of 
the programming languages used to develop dynamic web pages that manipulate information 
retrieved from the database [42].  
 
To address the current challenges faced, the web-based tool developed by Kang et al. [42] 
showed the ability to perform the structural analysis, design, and production of drawing 
processes without the installation of any analysis and CAD packages on a computer.  
However, the developed web-based design tool was not independently capable of performing 
the structural analysis process required to design the structure.  According to Kang et al. [42], 
the analysis of the structure required integration with a popular commercial web-based 
structural analysis package available in Korea.  The Korean software package collects 
parameters for structural analysis from several web pages, and thereafter saves the 
parameters obtained in a web-based database [42].  The drawings produced by the web-
based tool contain design information in the form of 2D plans, sections and details related to 
the design output parameters [42].  
 
In brief, the solutions highlighted by current literature to solve the challenges faced for the 
traditional structural drawing and modelling process of repetitive reinforced concrete 
structures such as box culverts are summarised in Table 2.4: 
 
Table 2.4:  Drawing process challenges highlighted in the current literature 
Challenges highlighted in the 
current literature 
Proposed solutions to 
challenges highlighted in the 
current literature 
Tools used for solutions 
proposed in the current 
literature 
Time-consuming and error-
prone manual drawing or 
modelling processes used to 
produce drawings and 
perform re-work following 
design changes [33] 
Automated 2D drawing and 3D 
modelling procedures to reduce 
the effort and duration of 
performing re-work following a 
design change [36], [42], [49], 
[51] 
 















Concerning Table 2.4, the challenge experienced in the drawing process was highlighted in 
current literature as the increased time and effort required to manually perform re-work 
following a re-design.  Furthermore, several researchers have proposed CAD, BIM, and web-
based tools to solve the challenge through automation. 
 
2.7 Theoretical model for design and drawing automation 
 
The introduction of BIM tools capable of performing both FEA and modelling of 3D geometry 
has improved the structural engineering design and drawing processes.  However, current 
research has shown several limitations.  For instance, although current BIM FEA tools can 
simulate realistic design conditions for structural designs, the solutions determined can still be 
further optimised [3], [8], [11].  Moreover, the design optimisation and drawing processes 
which are currently partially automated can be improved to be fully automated [3], [11], [51]. 
 
Although several types of parametric design methods (Web-, CAD-, and BIM-based methods) 
are available to improve the early design and drawing processes, the current research 
synthesis has shown high favourability within the AEC community towards the use of BIM 
tools.  According to Lothar [38], BIM 3D structural engineering tools are favourable because 
of their capabilities of the following tasks: 
 3D modelling for production of construction drawings and visualisation; 
 FEA and design based on international code regulations; and  
 Transfer and use of many types of data. 
 
Therefore, the BIM-based parametric design approach shown in Figure 2.9 is proposed to 
reduce the effort and time required for revising BIM models for technical drawings, following 
the re-design of repetitive structures such as box culverts.  The proposed theoretical model 
for automating the structural design and 3D modelling processes of box culverts is a 
combination of:  
 the OSD framework proposed by Hamidavi et al. [11] for use on a wide range of 
structural design scenarios including bridge design; and  
 the automated BIM model generation framework proposed by Juhee et al. to shorten 






Figure 2.9:  Automatic structural design and 3D modelling theoretical model [11], [49] 
 
As previously advised by Hamidavi et al. [11], the link established by Dynamo [44] between 
Revit [45] and RSAP [46] allows for any changes made to the Revit [45] model received from 
other disciplines to be automatically applied to the synchronised mathematical BIM model [11].  
Similarly, the possibility of a dynamo link to be established between RSAP and Revit can help 
to automatically adjust the optimised mathematical model to obtain a revised geometric model 




3D modelling processes can reduce the time and effort required for revising BIM 3D models 




The research synthesis provided in this chapter has reflected significant literature on the 
current challenges faced, and proposed solutions.  Possibilities of design and 3D modelling 
automation using parametric design methods were highly favourable in the current literature 
and professionally registered engineers within the AEC community.  Current literature and 
survey data obtained from practising structural engineers within the AEC community has 
shown that the current challenges faced in completing the structural design and drawing 
processes consist of the following: 
 the uncertainty and availability of design information received during early project 
phases; 
 excessive time and effort spent on repetitive structures; 
 insufficient time allocated to the structural conceptual design process of evaluating 
several design alternatives; 
 interoperability of BIM data between the computational tools used by the other 
disciplines; 
 optimisation of design solutions; 
 manual 2D-drafting-centric workflows which require increased effort and time to revise 
technical drawings following any design changes. 
 
Although including all the project stakeholders earlier in a project improves the challenges 
related to coordination of design input data, it does not resolve the remaining challenges faced.  
However, current literature has shown that the introduction of BIM tools capable of performing 
both FEA and modelling of 3D geometry has improved the structural engineering design and 
drawing processes.  For instance, several researchers have shown that the current challenges 
faced in structural engineering can be overcome by using BIM tools to automate the design 
optimisation and drawing processes.  Moreover, establishing a link between the design input 
parameters obtained from the other disciplines coordinated models, and the APIs of the 
preferred BIM tools is possible using visual programming tools.  Therefore, establishing a 
similar link between the optimised mathematical model and the structural geometric model for 
producing technical drawings should also be possible. 
 
The synchronisation of the models received from other disciplines and the mathematical 




both the 3D mathematical and structural geometric models.  Hence, the link established by 
the BIM tools can reduce the time taken to re-design and revise technical drawings for 
repetitive structures such as box culverts.  The design input parameters required to automate 
both the structural design and 3D modelling processes have been found from current literature 
as the:  
 geometric boundaries of the members (positions, lengths, and heights); 
 cross-sections of the members;  
 material properties of the members; and 
 penalty functions. 
 
Moreover, the sequence of computational processes after obtaining the design input 
parameters is as follows:  
 design optimisation; 
 3D object modelling; and 
 property assignment to 3D model objects. 
 
In conclusion, the structural design input parameters and sequence of computational 
processes presented in this literature review were sufficient for transforming the design and 
modelling procedures for repetitive structures into an algorithmic form.  Therefore, the 
upcoming chapter focuses on the research method applied in this study to obtain the 
information required to validate the theoretical model presented for automating the design and 










This chapter primarily focuses on developing a research design aimed at validating the 
theoretical model proposed in Figure 2.9 in the previous chapter.  According to Axinn et al. 
[21], developing a research design begins with the selection of a unit of analysis, such as the 
interpretations of individuals or groups regarding a specific phenomenon.  Hence, the 
interpretation of individuals or groups were used to evaluate whether the proposed theoretical 
model derived from current literature answers the following research questions posed in 
Chapter 1: 
RQ 1:   What are the input parameters required to start the standard box culvert design and 
3D modelling processes?  
Response: To provide the following input parameters required to start the standard box 
culvert design process:  
 Geometric boundaries of the members (positions, lengths, and heights); 
 Cross-sections of the members; 
 Material properties of the members; and  
 Penalty functions.  
 
Moreover, to show that the following input parameters are also required to start the standard 
box culvert 3D modelling process: 
 Geometric boundaries of the members (positions, lengths, and heights); 
 Cross-sections of the members; and 
 Material properties of the members. 
 
RQ 2: What is the sequence of the computational processes required to automate the 
standard box culvert design and 3D modelling processes?  
Response: To provide the following sequence of computational processes required to 
automate the standard box culvert design and 3D modelling processes: 
 Design optimisation; 
 3D object modelling; and 





RQ 3: How will the proposed parametric design approach provide structural engineers with 
the benefits of reduced time and effort following re-work of a standard box culvert? 
Response: Research by  Alwisy et al. [13], Juhee et al. [49], Manmeetsingh and Julian [14], 
Kang et al. [42] and Hamidavi et al. [11] state that automating the complete structural design 
and 3D modelling processes through a parametric design approach can reduce the time and 
effort required to perform re-work.   
 
Therefore, the literature presented in the previous chapter provided knowledge on the input 
parameters and sequence of computational processes required to transform the design and 
3D modelling procedures for repetitive structures into an algorithmic form.  Although it confirms 
the need for structural design and 3D modelling automation to reduce the time and effort 
required for performing re-work, the literature findings still need to be validated with an AEC 
community.  The following section discusses the data collection method that will be applied in 
this research. 
 
3.2 Data collection 
 
According to Axinn et al. [21], data collection methods are tools for measuring human beliefs 
and behaviour.  The data collection for this study was conducted through structured interviews, 
which combine the characteristics of both qualitative and quantitative methods.  According to 
Cooksey and McDonald [55], mixed-method designs are useful when the implementation of 
complex evidence-based research cannot be adequately applied by a single methodological 
approach.  Moreover, the direct sourcing of data through interviews can provide the researcher 
with the data required to solve a research problem [55].  According to Sandelowski [56], mixed-
method techniques are increasingly used by researchers to extend their insights from their 
studies.   
 
Structured interviews are an example of mixed data collection techniques used for an in-depth 
exploration of the interviewed participants’ perspectives regarding a research problem [55].  
Moreover, structured interviews are especially useful in an explanatory, evaluation or 
descriptive research frame, where the research purpose includes obtaining comparative 
responses to a standard set of questions [55].  Structured interviews typically involve oral 
delivery of responses, which yields quantifiable qualitative data [55].  The use of a structured 
questionnaire as a script for posing questions to the participant creates a power dynamic which 
strongly favours the interviewer [55].  However, the interviewer should be aware that any 
deviations from the script have the potential to induce problems when the data are analysed 





According to Cooksey and McDonald [55], structured interviews may be conducted face-to-
face, telephonically, or through internet video or audio communication.  For this study, the 
video-based multi-media approach was selected for conducting the structured interview 
process.  According to Cooksey and McDonald [55], the video-based approach is better in 
comparison to the audio-based approach because the recorded data is not primarily based on 
verbal content.  Moreover, the audio-based data collection approach sacrifices a lot of non-
verbal information such as body language, gestures, and large-scale environmental and 
contextual cues [55]. 
 
3.2.1 Interview protocol design 
 
Structured interviews were adopted to group the participants’ perspectives regarding the 
research problem at hand.  The interview process consisted of a preliminary welcoming and 
three sets of interview questions provided in the personal interview protocol attached in 
Appendix A.   
 
Each interview protocol section in Table 3.1 shows how the interview questions were intended 
to validate the proposed structural design and 3D modelling automation theoretical model.  In 
addition, each interview protocol section also corresponds to the relevant research questions 





Table 3.1:  Interview protocol design 
Research question Literature baseline Question in the interview 
RQ 1: What are the input 
parameters required to start 
the standard box culvert 
design and 3D modelling 
processes? 
From the theoretical model in 
Figure 2.9, there are two parts in 
addressing the first research 
question:  
 design input parameters 
required, and  
 modelling input 
parameters. 
The interview questions 
related to research question 
1 are shown as interview 
questions 3 and 4 under 
section b. 
RQ 2: What is the sequence 
of the computational 
processes required for 
automating the standard box 
culvert design and 3D 
modelling processes?  
From the theoretical model in 
Figure 2.9 of Chapter 2, the 
sequence of computational 
processes required is as follows:  
 design optimisation 
process, 
 3D object modelling, and 
 property assignment to 
3D model objects. 
The interview questions 
related to research question 
2 are shown as interview 
questions 5-9 under section 
c. 
RQ 3: How will the proposed 
parametric design approach 
provide structural engineers 
with the benefits of reduced 
time and effort following re-
work of a standard box 
culvert? 
Current literature advises that 
fully automating the structural 
design and 3D modelling 
processes through a parametric 
design approach can reduce the 
time and effort required to 
perform re-work.   
The interview questions 
related to research question 
3 are shown as interview 
question 10 under section d. 
 
Before conducting the interviews, email correspondence of interview requests was sent to the 
participants.  Upon receipt of the confirmation of acceptance for each participant, interview 
dates were scheduled accordingly.  The contents of the structured interview schedule were 





Preliminary checklist that was used:  
 In this section of the interview, the interviewer first thanked each participant for taking 
part in this research study’s data collection process; 
 The interviewer requested permission from each participant to record the interview 
session for later use of data analysis and interpretation; 
 The interviewer discussed the ethical considerations related to this study’s interaction-
based data collection strategy; and 
 Lastly, the interviewer provided each participant with an overview of the background 
and purpose of the research study. 
 
After the content of the primary checklist was considered, the subsequent sections of the 
interview were divided as follows: 
 
 Section A:  In this section of the interview, the interviewer requested that each 
participant must introduce themselves and provide their professional background 
information and experience. 
 
 Section B: This section of the interview addressed the first research question of the 
study: “What are the input parameters required to start the standard box culvert design 
and 3D modelling processes?”  The interviewer asked each participant neutral 
questions regarding the input parameters applicable required to automate the standard 
box culvert design and 3D modelling procedures. 
 
 Section C: This section of the interview addresses the second research question of 
the study: “What is the sequence of the computational processes required for 
automating the standard box culvert design and 3D modelling processes?”  The 
interviewer asked neutral questions regarding the sequence of computational 
processes required to automate the standard box culvert design and 3D modelling 
procedures. 
 
 Section D: This section of the interview addresses the third research question of the 
study: “How will the proposed parametric design approach provide structural engineers 
with the benefits of reduced time and effort following re-work of a standard box 
culvert?”  The interviewer asked neutral questions regarding the possibility of 
automating the structural design and 3D modelling processes required for box culverts 
through parametric design.  The proposed parametric design approach had to be 





3.3 Interview participants 
 
To ensure that a broad spectrum of the participant’s perspectives is obtained, the target 
sample size of interview participants consisted of five (5) professionally registered structural 
engineers and five (5) 3D modellers.  Alternatively, a minimum target sample size consisting 
of five (5) participants who are professionally registered structural engineers with 3D modelling 
experience was also considered.  The targeted structural engineering and 3D modelling 
experts were obtained through referrals and were sourced from different companies.  In 
addition, only participants with experience in BIM-based design and 3D modelling were 
considered for field research.  
 
3.4 Data analysis 
 
According to Cooksey and McDonald [55], data analysis in mixed design methods requires 
interpretively linking between the qualitative and quantitative datasets through the processes 
of ‘qualitising’ and ‘quantitising’.  ‘Qualitising’ refers to the process of transforming quantitative 
data into qualitative data [55], while ‘quantitising’ refers to the process of transforming 
qualitative data into quantitative data [55].  The preference of quantitative measurements of 
data for validation purposes is based on the precision, consistency, participant comparability, 
and ready access to statistical analysis for reporting relationships and group differences [55].  
According to Palinkas et al. [57], sampling strategies for quantitative methods in mixed-method 
designs are generally well established and based on probability theory.  Conversely, 
qualitative methods in mixed-method designs are less explicit and often less evident [56], [57]. 
 
According to Cooksey and McDonald [55], the analysis methods required for qualitative data 
are an entirely different exercise in comparison to quantitative data.  For instance, quantitative 
data is generally obtained in an initial form of numbers or circled words [55].  Furthermore, the 
measurement of the collected data is based on a specifically designed scale or instrument 
[55].  Once collected in the initial quantitative form, each number represents the positioning of 
an observation or response to a particular scale with known properties, for example, a Likert 
scale [55].  In contrast, qualitative data are obtained in an initial written form, which is obtained 
from recorded audio responses to open-ended questions [55].  Due to the complexity of the 
proposed theoretical model, the amount of data to be collected and analysed was anticipated 
to be ‘excessively high’.  Therefore, the process of ‘quantitisation’ was implemented to 




The data was reduced into variables that are intended to provide a single meaning and could, 
therefore, be represented numerically through a Likert scale [21].   
 
To ensure that the analysed data adequately illustrated the similarities and differences in the 
responses received for each theme, matrix displays supplemented by visual aids such as 
charts were identified as the form of data presentation.  According to Cooksey and McDonald 
[55], matrix displays provide a flexible method of displaying data and interpretations in table 
format.  Moreover, matrix displays provide an efficient approach to represent large volumes of 
data [55].  The row and column arrangement allows for the identification of at least two key 
themes to segment the interpretation of the data analysed [55].   
 
3.5 Reliability, validity and trustworthiness 
 
The reliability, validity and trustworthiness of qualitative data collected must always be 
evaluated and addressed to ensure that the quality of data is not compromised. According to 
Cooksey and McDonald [55], preparation of mixed (qualitative and quantitative) data includes 
two distinct but interactive stages in data management: 1) data collection and 2) data 
transcription.  If the data collection is of poor quality, then the quality of the transcription and 
analysis of said data will also be considerably degraded [55].  The following points are 
recommended by Cooksey and McDonald [55] to ensure that the data collected through multi-
media methods is of acceptable quality: 
 An acceptable quality digital recorder capable of capturing at least 90 minutes of 
interview data should be used; 
 A quiet and peaceful environment without any distractions should be established; 
 The interviewer should ensure that all interview participants switch off or silence their 
mobile devices; 
 The interviewer must have alternative plans for recording the data; 
 The interviewer must keep a research journal close at hand for making interview notes 
and memos.  The interviewer must ensure that the note capturing does not interfere 
with the interview process itself; and 
 The interviewer should store, and back-up recorded data directly after concluding the 
interview session.  
 
In this study, considerably high efforts have been made to ensure the reliable interpretation of 
collected data.  Moreover, the data collected and analysed are validated using the triangulation 




design and methodology.  The data collected from the respondents was validated against the 
literature covered in the previous chapter.   
 
3.6 Ethical considerations 
 
The University of Johannesburg’s code of ethics were strictly adhered to during this study.  
Adherence to these codes of ethics was ensured to protect the interest and safety of the 
participants, the reader, the researcher, and the authority of the University of Johannesburg.  
To avoid causing any harm to the researcher, research participants, and the readers, Axinn et 
al. [21] advise that research on sensitive topics should be avoided.  Examples of sensitive 
topics include racial stereotyping and financial earnings.  According to Axinn et al. [21], 
methods designed to improve reporting of these sensitive behaviours and beliefs focus on 
maximising confidentiality to respondents and ensuring to honour that pledge. Hence, the 
interview data collected and transcribed were treated with the utmost confidentiality and were 
sent to the respective participants for confirmation. 
 
Each interview participant was invited to participate in the research by letter invitation.  It 
explained the purpose of the study, the form the interview would take, the duration of the 
interview, and the expected research outcome.  Each participant was also made aware that 
they could submit their withdrawal from the research at any time without giving reasons for the 
withdrawal.  An informed consent form was issued to each participant to confirm that they fully 
understand their rights and that they confirm their acceptance to participate in the study.  
 
The interview data were only recorded with the consent of the participant, and they were made 
fully aware of how that recorded data would be handled and safeguarded [55].  In the case of 
completed questionnaire forms, they would be securely stored by the researcher. The 
transcribed data generated from audio-recordings would not include any personal data that 




This chapter has discussed the research methodology and data collection approach followed 
to resolve the three research questions.  Structured interviews were selected as the data 
collection instrument to be used to gain in-depth knowledge from industry experts.  The data 
collected during the structured interview process were analysed and used to validate the 
literature review findings.  Presentation, analysis, and discussion of the results are found in 




4 CHAPTER 4 





The parametric design model presented in Figure 2.9 was derived from the literature in an 
attempt to reduce the time and effort required to revise 3D models intended for the production 
of technical drawings, following the re-design of box culverts.  The proposed theoretical model 
for automating the structural design and three-dimensional (3D) modelling processes of box 
culverts was deducted by a combination of:  
 the optimised structural design (OSD) framework developed by Hamidavi et al. [11] for 
use on a wide range of structural design scenarios including bridge design; and  
 the automated BIM model generation framework developed by Juhee et al. [49] to 
shorten the requisite time for modelling regardless of the type of work. 
 
Although the automated OSD and BIM model frameworks were developed for a wide range of 
applications in structural design and 3D modelling, the combination of the two frameworks 
needs to be validated by practising engineers for use on culvert projects.  This chapter 
primarily focuses on the presentation, analyses, and discussion of the structured interview 
findings that consists of both qualitative and quantitative data.   
 
4.2 Presentation of findings 
 
The distribution of data collected using the Likert items from the interview schedule was found 
to be in support of the notion presented by Harpe [58].  Harpe [58] states that although an item 
may have been developed with the intention that the total number of respondents might use 
all the possible categories given on a selection scale, respondents might only select two or 
three of the available response categories.  According to Harpe [58], collected data samples 
with category selections of three or fewer responses from the total number of respondents 
result in “shorter” items, and should rather be interpreted using categorical approaches.  For 
instance, the distribution of responses can be examined as the differences in percentages 
between groups [58].  The 100% stacked bar chart was identified as an ideal visual aid to 
present the differences in percentages between groups.  As per Indratmo et al. [59, p. 3], “the 






4.3 Structured interview findings 
 
The purpose of the structured interviews was to collect the interpretations of experts within the 
engineering field and evaluate whether the intended benefits presented by the proposed 
theoretical model can be experienced on culvert projects.  The findings presented for each of 
the abovementioned sections consist of the responses received from the interview schedule 
under Annexure B.  Where applicable, quoted comments from the interview participants are 
given to support the interview schedule responses.  On average, the duration of each interview 
was 67 minutes whereby the proposed theoretical model was discussed first, followed by the 
remainder of the interview schedule. 
 
4.3.1 Composition of interview participants 
 
The initial target sample size consisted of five (5) professionally registered structural engineers 
and five (5) 3D modellers.  However, the actual sample size consisted of six (6) participants 
who were professionally registered structural engineers with 3D modelling experience, and 
one (1) professionally registered structural engineer.  Therefore, since the minimum target 
sample size was achieved, the results from the interviews were deemed satisfactory.  The 
composition of the interview participants with their respective professional backgrounds is 
shown in Table 4.1.  To ensure that confidentiality of each participant is maintained, specific 
interview participants will be referred to as “IP”. 
 
Table 4.1:  Composition of interview participants 
Interview 
Participant (IP) 




IP 1 Professional designer and 3D modeller 11-20 years Yes 
IP 2 Professional designer and 3D modeller 11-20 years Yes 
IP 3 Professional designer and 3D modeller 5-10 years Yes 
IP 4 Professional designer and 3D modeller 5-10 years Yes 
IP 5 Professional designer  Less than 5 years Yes 
IP 6 Professional designer and 3D modeller 5-10 years Yes 








4.3.2 Design input parameters 
 
In this section of the structured interview process, the following interview question (IQ) was 
asked to each participant to validate whether the design input parameters shown on the 
proposed theoretical model derived in Chapter 2 were applicable to box culverts: 
IQ 3: “The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for design optimisation are structural design and analysis, design solution evaluation, 
and multi-criteria decision analysis.  Do you agree or disagree if the above-mentioned design 
optimisation sub-processes are applicable to the design of box culverts?” 
 
The responses received for IQ 3 are presented in Figure 4.1.  The findings shown below 
indicated a high level of agreement from the interviewed experts.  However, several comments 
were received in addition to interviewing schedule responses.   
  
 
Figure 4.1:  Responses for validation of design input parameters 
 
The comments received in addition to the responses from the interview schedule were 
grouped in Table 4.2.  Each quoted comment was themed based on the categories given 
under IQ 3 of the interview schedule.  Categories not included under IQ 3 were shown in red 






Table 4.2:  Design input parameters interview comments 
Geometric 
boundaries 
 IP 2 – “It depends on the geometric boundaries that are set by other factors, 
which can constrain the geometry of the structure.” 
Cross-sections of 
members  
 IP 2 – “These would also depend on whether you would be bound by certain 
criteria.” 
 IP 6 – “The initial opening size you get from road guys (civil engineers) for the 
hydraulic requirements.” 
 IP 7 – “As an input, this is needed for the roof slab because it is constrained 
by the road level and the hydraulic requirements of the civil engineers.” 
Material properties   IP 2 – “It would depend if there are some restrictions from perhaps the client, 
who would want to only use concrete, or steel.” 
Penalty functions   IP 1 – “There are things that matter in the design process of culverts that 
have nothing to do with the strength, such as aesthetic requirements from 
your client, in terms of what it should look like – because typically there 
wouldn’t be an architect on culvert projects.”  
“Penalty requirements in some cases might also be requirements from the 
design regulations.” 
 IP 2 – “The penalty functions would assist a lot when it comes to achieving 
design outcomes which would be predetermined by certain conditions 
related to site activity, constructability, or client requirements” 
 IP 7 – “You could also use the constraints of the opening size, roof slab 
depth, and height of culvert.” 
Design loading  IP 2 – “We need to take into consideration what the culvert is supporting and 
take into account the loads that it will be supporting.” 
 IP 3 – “The design loading needs to be added to the design input parameters 
because if you are transferring from Revit to Robot, the software might not 
pick up that there is traffic loading added to the model. Loading is always a 
problem when information is transferred and that is why the loading is 
always manually applied.” 
 IP 6 – “Fill height and load requirements are required.  You need to know 
who the client is because it affects the loading, whether it would be for 
vehicles or rail. You need to know the type of road whether it is a standard 
road or highway because this affects the loading.” 
 IP 7 – “You need the fill the height which depends on your road levels because 








 IP 4 – “Geotechnical information should be a part of the input parameters.” 
Topographical 
survey information 
 IP 4 – “Survey information indicating levels should be a part of the input 
parameters for design with regards to the topographical levels of roads and 
embankments.” 
 
The quoted comments in Table 4.2 have shown that several respondents agreed that the 
given design input parameters were not only applicable to the structural design of culverts but 
were also constrained by some non-structural requirements.  Non-structural requirements 
were described by the respondents as the: 
 client requirements affecting the type of design loading and culvert material properties; 
 road topographical survey levels affecting the geometric boundaries and cross-
sections of members; 
 culvert opening sizes affecting the geometric boundaries and cross-sections of 
members; 
 soil fill (top cover) depth affecting the design loading; and  
 geotechnical information classifying the site soil conditions and properties.  
 
To ensure that important constraining non-structural requirements are adhered to in the 
structural analysis and design sub-process, several respondents suggested the use of user-
defined penalty functions to constrain important variables.  For instance, a design target 
objective would be a design solution based on a fixed culvert opening size, the thickness of 
roof slab, or client’s aesthetic requirements.  The comments received also assisted in 
identifying the design loading, geotechnical information, and topographical survey information 
as additional input parameters required to start the design process.  Due to the reported 
problems often experienced when transferring important data such as design loading between 
BIM tools, the design loading parameter was recommended to be used as manual input.   
Since geotechnical information is often received in a report format, the geotechnical 
information input parameters would also need to be captured manually. 
 
4.3.3 3D modelling input parameters 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether the 3D modelling input parameters shown on the 




IQ 4: “The theoretical model presented under Annexure A.4 shows that the input parameters 
required to start the 3D modelling process are the geometric boundaries, cross-sections of 
members, and material properties.  In your opinion, do you agree or disagree if the above-
mentioned input parameters are required to start the 3D modelling process of box culverts?” 
 
The responses received for IQ 4 are presented in Figure 4.2.  The findings shown below 
indicated a high level of agreement from the respondents.  However, a comment was received 
from IP 4 in addition to the interview schedule responses.  The comment was categorised 
under the new theme “topographical survey information,” which was not originally included as 
a category under IQ 4. The comment received from IP 4 stated that: 
IP 4 – “Survey information should be a part of the input parameters for modelling because 
when you are doing drawings for culverts, you need to give levels and co-ordinate systems” 
 
Topographical survey information was once again identified as a new input parameter to start 
the 3D modelling processes.  The need for the new input parameter was caused by road and 
hydraulic requirements that must be adhered to when producing drawings to communicate the 
design intent.  For instance, topographical survey information such as levels and co-ordinate 
systems would be required as input parameters for generating modelling references such as 
grids and levels concerning a road. 
 
Figure 4.2:  Responses for validation of 3D modelling input parameters 
 
4.3.4 Computational processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether the computational processes shown on the proposed 
theoretical model derived in Chapter 2 were applicable to box culverts: 
IQ 5: “The theoretical model presented under Annexure A.4 shows that the computational 
processes required for structural design and 3D modelling are design optimisation, 3D object 
modelling, and property assignment to 3D model objects. Do you agree or disagree if the 
above-mentioned computational processes are applicable to the structural design and 3D 





The responses received for IQ 5 are presented in Figure 4.3.  The findings shown below 
indicated a high level of agreement from the respondents that the computational processes 
were applicable to box culverts. 
 
Figure 4.3:  Responses for validation of computational processes 
 
4.3.5 Sequence of computational processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to determine the preferred sequencing of the computational processes 
applicable to box culverts: 
IQ 6: “With reference to question 5, could you indicate your preferred sequencing of the 
applicable computational processes by selecting the appropriate order number?” 
 
The responses received for IQ 6 resulted in five different sequences of computational 
processes shown in Figure 4.4.  The first sequence of computational processes was 
suggested by IP 1, who provided the comment below in addition to the selection: 
 
IP 1 – “My preferred method, because of the way that I have been working, I am just going to 
think of Revit and Robot…” 
 
Based on the approach that IP 1 follows when manually performing the design and modelling 
processes on BIM tools, the selected sequence of computational processes resulted in four 
(4) computational processes.  Whereas IP 3, IP 4, and IP 5 have also failed to agree on the 
same sequencing order by selecting sequences 3, 4, and 5, respectively.  Conversely, IP 2, 
IP 6, and IP 7 agreed that the second computational sequence (sequence followed in Figure 






Figure 4.4:  Preferred sequences of computational processes 
 
4.3.6 Design optimism sub-processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether the design optimisation sub-processes shown on the 
proposed theoretical model derived in Chapter 2 were applicable to box culverts: 
IQ 7: “The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for design optimisation are structural design and analysis, design solution evaluation, 
and multi-criteria decision analysis.  Do you agree or disagree if the above-mentioned design 
optimisation sub-processes are applicable to the design of box culverts?” 
 
The responses received for IQ 7 were presented in Figure 4.5.  The findings shown below 
indicated a high level of agreement from the interviewed experts.  However, several comments 






Figure 4.5:  Responses for validation of design optimisation sub-processes 
 
The comments received from the respondents were all based on the use of Finite Element 
Analysis (FEA) tools.  Hence, the comments quoted below were categorised under the theme 
structural analysis and design, given as a category under IQ 7 of the interview schedule: 
IP 2 – “There are other methods out there, but FEA would give you the best and accurate 
analysis results.” 
 
IP 3 – “FEA was only used to validate the blue book (NTC [18]). Thereafter, all reinforced 
concrete box culverts were done by using the blue blook (NTC [18]).  So, you can use it. For 
certain structures, it's strongly recommended, but others I do not think it is necessary.” 
 
IP 6 – “FEA would normally be used when you have skew ends. If not skew, then even normal 
frame will do.” 
 
The comments listed above advise that although FEA tools can provide better and more 
accurate analysis and design results for complex structures; other, and simpler methods of 
analysis exist for simple and repetitive structures such as culverts.   
 
4.3.7 3D object modelling sub-processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether the 3D object modelling sub-processes shown on the 
proposed theoretical model derived from Chapter 2 were applicable to box culverts: 
IQ8: “The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for 3D object modelling are the generation of modelling references and 3D model 
objects.  Do you agree or disagree whether the above-mentioned 3D object modelling sub-





The responses received for IQ 8 are presented in Figure 4.6.  Except for one of the 7 
respondents (14%), the findings shown below indicated a high level of agreement from the 
respondents.  However, two comments were received in addition to the interview schedule 
responses.   
 
Figure 4.6:  Responses for validation of 3D object modelling sub-processes 
 
The comments quoted below are categorised under the theme generation of modelling 
references, given under IQ 8 of the interview schedule: 
IP 2 – “For good modelling practice it would be important.” 
 
IP 6 – “For me, that is irrelevant in my opinion.” 
 
The comments received above showed that while the majority of the respondents agreed that 
the generation of modelling references and 3D model objects sub-processes apply to the 
production of drawings for culverts, one respondent believed that the sub-processes are 
irrelevant.  However, the relevance of the two sub-processes was shown in the preceding 
interview findings, which highlighted the importance of topographical survey information such 
as levels and co-ordinate systems to reference the positions of structural members concerning 
a road.  Hence, generation of modelling references and 3D model objects would be required 
to successfully communicate the road and hydraulic requirements that must be adhered to 
during construction. 
 
4.3.8 Property assignment to 3D model objects sub-processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether the property assignment to 3D model objects sub-
processes shown on the proposed theoretical model derived in Chapter 2 were applicable to 
box culverts: 
IQ 9: “The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for property assignment to 3D model objects are the definition of material information, 




disagree that the above-mentioned property assignment to 3D object model sub-processes 
applies to the production of drawings for box culverts?” 
 
The responses received for IQ 9 were presented in Figure 4.7.  Except for one of the 7 
respondents (14%) who remained neutral under the material information category, the findings 
shown below indicated a high level of agreement from the respondents.   
 
 
Figure 4.7:  Responses for validation of property assignment sub-processes 
 
4.3.9 Automation of design and 3D modelling processes 
 
In this section of the structured interview process, the following interview question was asked 
to each participant to validate whether automating the structural design and 3D modelling sub-
processes of box culverts would result in a reduction of the time and effort required to perform 
re-work on culvert projects: 
IQ10: “The theoretical model presented under Annexure A.4 shows that the following 
structural design and 3D modelling computational sub-processes have the potential for full 
parametric design automation: 
 structural analysis and design; 
 design solution evaluation; 
 multi-criteria decision analysis; 
 generation of modelling references; 
 generation of 3D model objects; 
 assignment of material information; 
 assignment of quantity information from the 3D model; and 
 assignment of construction information. 
In your opinion, do you agree or disagree that fully automating the above-mentioned design 
and 3D modelling sub-processes through parametric design can reduce the time and effort 





With reference to Figure 4.8, the responses received for IQ 10 showed that the majority of the 
respondents agreed with fully automating the sub-processes to reduce the time and effort 
required to perform re-work on box culvert projects.  However, one respondent (14%) 
disagreed that automating the following sub-processes would be beneficial to culvert projects: 
 design solution evaluation; 
 generation of modelling references; and 
 generation of 3D model objects. 
 
Furthermore, one respondent (14%) decided to neither agree nor disagree that automating 
the following sub-processes would be beneficial to culvert projects: 
 structural analysis and design; 
 generation of modelling references; 
 assignment of material information; 
 assignment of quantity information from the 3D model; and 
 assignment of construction information. 
 
Figure 4.8:  Responses for validation of automating of sub-processes 
 
The comments received in addition to the responses from the respondents were grouped in 
Table 4.3.  Each quoted comment was themed-based on the categories given under IQ 10 of 






Table 4.3:  Automation of design and 3D modelling sub-processes interview comments 
Structural design 
and analysis 
IP 2 – “Having stuff too automated can be dangerous, especially in structural 
design. You always need to be in total control, so the generative design of a 
finite element analytical model is fine, but not the design and analysis.  Also, 
automating the application of loads that need to be applied, like earth loads 
and traffic loads would not be ideal.  It would help if the loads are pre-defined 
by the designer under design input parameters, that would give the designer 
control.” 
 IP 7 – “would also like the opportunity to review and adjust.” 
Design solution 
evaluation 
 IP 1 – “Design solution evaluation should still be carried out manually.” 
Material properties   IP 2 – “This is prone to change, due to certain factors, especially based on site 
conditions, availability of materials on site.” 
Multi-criteria 
decision analysis 
 IP 7 – “Strongly agree because this is currently done manually which takes 
time.  For example, based on preference, the engineer would use certain 
arrangements of reinforcement to improve with ease of construction, and 




 IP 1 – “because a culvert is a sub-element of the main element (a road), it 
needs to tie into the main structure.  So, you cannot leave it to automation.”  
“There might be restricting factors affecting the geometry of the structure, 
such as the depth of the structure due to certain constraints on site which, if 
automated, could lead to problems during construction.” 
 IP 7 – “When it comes to levels, you might need to review while there must 
be an option to manually include and change some levels.” 
Generation of 3D 
model objects 
 IP 1 – “Same comment as above.”   
 IP 7 – “You might need to visually review and make changes.” 
Material 
information 
 IP 7 – “Strongly agree but would like an option to choose what information I 
would like to extract at the time, but all information should be available at 
any given time.” 
Quantity 
information from 
the 3D model 
 IP 7 – “Strongly agree but would like an option to choose what information I 
would like to extract at the time, but all information should be available at 
any given time.” 
Construction 
information 
 IP 7 – “Strongly agree but would like an option to choose what information I 
would like to extract at the time, but all information should be available at 





The comments given in Table 4.3 revealed some reluctance to the idea of fully automating the 
structural analysis and design, evaluation of design solutions, and generating of modelling 
references and 3D model objects sub-processes.  Based on the comments received, the 
reluctance to full automation was mainly caused by the expected limited control that the user 
would have over the automated sub-processes.  Some of the expected challenges caused by 
fully automating the sub-processes were identified as the: 
 unsuccessful transfer of important data such as design loading; 
 construction-related problems caused by non-adherence to non-structural 
requirements constraining the culvert geometry (topographical survey road levels, 
opening sizes and thickness of roof slab); and 
 limited engineering judgment applied when evaluating each design solution based on 
other factors such as the expected site conditions.  
 
However, the comments given in Table 4.3 have also shown that several respondents 
appreciated the benefits presented by automation of the given sub-processes.  For example, 
the structure’s material was identified as a parameter which is prone to change during 
construction, due to unexpected site conditions and unavailability of materials.  Hence, 
automating the material properties sub-process would be useful when re-work is required to 
change the structure’s material during the late construction stage.  Moreover, performing 
automated multi-criteria decision analysis when re-work is required would also contribute to 
the reduction of the time and effort required to achieve a specific design target objective.  As 
a possible solution to the reluctance of fully automating the sub-processes, one respondent 
requested that an option to review and perform modifications to the sub-process output should 
be available to the user.   
 
4.4 Discussion of findings 
 
The structured interviews conducted for this study’s field research were intended to validate if 
the proposed theoretical model presented in Figure 2.9 was applicable to box culverts.  
Moreover, this section of the chapter discussed how the findings of the field research were 
related to the literature review findings presented in Chapter 2.  Although the proposed 
theoretical model was developed based on automated design optimisation and 3D modelling 
frameworks that are intended to be versatile in structural engineering applications [11], [49], 
the processes related to transportation structures such as box culverts are of a specialised 











Overall Structured Interview Findings 
Design input 
parameters 
RQ 1 4.3.2 All respondents agreed that the geometric boundaries, cross-
sections of members, material properties and penalty functions 
were required as the design input parameters for box culverts.  
However, the design loading, geotechnical information, and 
topographical survey information were identified as additional 
manual design input parameters required for box culverts.  
Automated data transfer of design loading information between 
BIM tools was noted as a challenge since loading information 
tends to be either transferred incorrectly or not transferred at all.  
For this reason, the design loading was recommended to be 
manually pre-defined by the user.  Geometric boundaries and 
cross-sections of members were found to be governed by non-
structural requirements such as opening sizes for drainage 
purposes and topographical survey information such as road 
levels.  Moreover, stakeholder requirements were also identified 
as non-structural requirements affecting design input parameters 
such as the design loading and material properties.  However, the 
use of pre-defined penalty functions to achieve specific design 
objectives was recommended to ensure that all requirements are 
adhered to during the design process. 
3D modelling 
input parameters 
RQ 1 4.3.3 All respondents agreed that the geometric boundaries, cross-
sections of members, and material properties were required as 
the 3D modelling input parameters for box culverts.  However, the 
topographical survey information was identified as an additional 
3D modelling input parameter required to produce drawings to 
communicate the design intent and show the position of the 
culvert concerning the road. 
Computational 
processes  
RQ 2 4.3.4 All respondents agreed that the design optimisation, 3D object 
modelling and property assignment to 3D model objects 
computational processes apply to the structural design and 3D 
modelling of box culverts. 
Sequence of 
computational 
processes   
RQ 2 4.3.5 From the five (5) possible sequences of computational processes 
derived from the field research, three (43%) of the respondents 




from Chapter 2 applied to the design and 3D modelling of box 
culverts.  The remaining four (57%) respondents each preferred 




RQ 3 4.3.6 All respondents agreed that the sub-processes obtained in 
Chapter 2 applied to the design of box culverts.  However, 
comments received revealed that although FEA tools were ideal 
to achieve the most accurate analysis and design results, simpler 
methods of analysis were available for less complex structures 




RQ 3 4.3.7 Apart from 1 participant who remained neutral regarding the 
generation of modelling references, generation of 3D model 
objects, all respondents agreed that the sub-processes obtained 
in Chapter 2 applied to the 3D modelling of box culverts.   
Property 
assignment to 3D 
model objects 
sub-processes 
RQ 3 4.3.8 Apart from 1 participant who remained neutral regarding the 
material information sub-process, all respondents agreed that 
the sub-processes obtained in Chapter 2 applied to the 3D 
modelling of box culverts.  
Automation of 
design and 3D 
modelling sub-
processes 
RQ 3 4.3.9 Only 1 participant remained neutral to the idea of automating the 
structural analysis and design, generation of modelling 
references, material information, quantity information from the 
3D model, and construction information sub-processes.  In 
addition, only 1 participant disagreed to the idea of automating 
the design solution evaluation, generation of modelling 
references, and generation of 3D model objects.  The remaining 
respondents agreed that automating the sub-processes obtained 
in Chapter 2 would result in the desired benefits.  However, 
comments received showed that the engineer’s control and ability 
to review the output of the sub-processes should not be discarded 
because of the automation.  Moreover, important input 
parameters such as the topographical survey information, design 











4.4.1 Design input parameters 
 
The interview findings showed that all respondents agreed that the design input parameters 
shown on the proposed theoretical model presented in Figure 2.9 are applicable to box 
culverts.  However, several comments were received from the respondents suggesting that 
the design loading, geotechnical information, and topographical survey information were also 
required for the structural design of box culverts.  The suggestions to include the geotechnical 
and topographical survey information such as road levels are supported by Nicholson [26] in 
the literature review, who mentions that structural design input data is often provided by the 
civil and geotechnical engineer.  Suggestions of the additional design input parameters were 
mainly due to the specialised nature of transportation structures and their functionality.  For 
instance, the literature review findings have shown that box culverts are used in road 
construction for drainage of streams positioned at a level significantly lower than the final road 
level [12].  The intended use of a culvert constrains the structure’s geometry and position 
relative to the road and stream topographical survey levels.  Hence, the interview findings 
have shown a reluctance amongst the respondents to automate the definition of the 
topographical survey information. 
 
Regulations governing the design of culvert structures are similar to those of bridges since 
both structures are expected to support traffic loads [23].  However, the application and 
transfer of design loading between BIM tools come with some data transfer challenges, which 
were raised during the interview process.  As previously discussed in the literature review, the 
transfer of data between different BIM tools causes challenges in the design and 3D modelling 
processes [38], [39].  Therefore, important information such as the design loading, 
geotechnical information, and topographical survey information should rather be defined as 
manual input parameters to start the design optimisation computational process.  To ensure 
that certain constraints formed by stakeholder or drainage requirements are adhered to, the 
use of manually pre-defined penalty functions as suggested by Hamidavi et al. [11] and Romo 
et al. [3] could be used. 
 
4.4.2 3D modelling input parameters 
 
All the interview respondents agreed that the 3D modelling input parameters shown on the 
proposed theoretical model are applicable to box culverts.  However, the topographical survey 
information was again identified as an additional input parameter required to produce drawings 
for box culverts.  The suggestion is also supported by Solnosky [16] in the literature review, 




to be produced and coordinated with the other disciplines (i.e. the civil engineer).   Hence, 
survey information such as the road and drainage levels would be required on the structural 
drawings to communicate that the structure is constrained by the road and stormwater 
drainage requirements specified by the civil engineer [16], [26].  To ensure that control over 
the definition of the constraining road and drainage levels remains with the user, the 
topographical survey information for 3D modelling is also recommended to be manually 
defined. 
 
4.4.3 Computational processes 
 
The interview findings showed that all respondents agreed that the structural design and 3D 
modelling computational processes are shown on the proposed theoretical model were 
applicable to box culverts.  Moreover, the findings showed that from the five (5) possible 
sequences of computational processes derived from the interview responses, the sequence 
followed on the proposed theoretical model was acceptable for box culverts.   
 
4.4.4 Design and 3D modelling sub-processes 
 
Several interview respondents commented on the selection of FEA as a preferred tool to 
perform the structural analysis and design sub-process of the design optimisation 
computational process.  Comments received suggested that although FEA tools were ideal to 
achieve the best and accurate analysis results, simpler methods of analysis were available for 
less complex culvert structures.  The suggestion was correct, more simplified analysis 
methods exist, such as the culvert design coefficient tables provided by Reynolds, Steedman 
and Threlfall [28].  However, several researchers agree that the use of FEA tools to simulate 
realistic load effects allows engineers to produce more economical structural designs in 
comparison to simplified analysis procedures.  For instance, the literature review findings 
discussed how Ulger, Okeil and Elshoura [17], Zhu et al. [34], and Kang et al. [35] have all 
used an FEA tool to simulate the realistic loading effects on a culvert structure.  Moreover, 
Mangal and Cheng [33] have advised that the preference of using FEA tools is based on the 
time and effort benefits experienced when performing structural designs.  Therefore, as a sub-
process of a computational process aimed at achieving an optimal design solution while 
experiencing the benefits of reduced time and effort, the structural analysis and design of box 





4.4.5 Automation of design and 3D modelling sub-processes 
 
Majority of the interview respondents were in favour of automating the structural design and 
3D modelling sub-processes to achieve the benefits of reduced time and effort when 
performing re-work on culvert projects.  However, several comments received during the 
interview process indicated that some of the participants were reluctant to have all the sub-
processes fully automated through parametric design.  For instance, one participant believed 
that fully automating the design solution evaluation, generation of modelling references, 
and generation of 3D model objects sub-processes would not be ideal for box culverts.  The 
reluctance to fully automate the design and 3D modelling sub-processes was based on the 
expected reduction in control that the user would have.  Majority of the respondents feared 
the possibility of encountering construction-related problems caused by: 
 non-adherence to non-structural requirements constraining the culvert geometry and 
position,  
 limited engineering judgement applied when evaluating design solutions, and  
 unsuccessful transfer of design loading information. 
 
However, the interview findings also revealed that several respondents appreciated the 
benefits presented by automation of the given sub-processes.  For example, the structure’s 
material properties were identified by a respondent as a parameter that was prone to change 
during the late construction stage.  Hence, automating the material properties sub-process 
would result in a time and effort saving when it comes to performing re-work.  Moreover, 
performing automated multi-criteria decision analysis when re-work is required would also 
contribute to the reduction of the time and effort required to achieve a specific design target 
objective.  As a possible solution for the reluctance of fully automating the sub-processes, one 
respondent suggested that a user should be allowed to review and manually modify the output 
of each sub-process.  Allowing the user to retain some control over each process and 
important input parameters would assist in reducing the level of reluctance amongst the 
interview respondents.  Therefore, it can be concluded that automating the structural design 
and 3D modelling processes of box culverts would be acceptable if the user is allowed to 





4.4.6 Triangulation of findings 
 
This section of the chapter triangulates the literature review and structured interview findings.  
Since the interview schedule was developed based on the proposed theoretical model derived 
from the literature review of this study, the responses received from the respondents were 
used to validate the literature review findings.  However, three additional design input 
parameters and one additional 3D modelling input parameter were suggested by the 
respondents.  Hence, Table 4.5 compares the additional input parameters identified during 
the structured interviews against the literature review findings. 
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4.5 Proposed parametric design process model 
 
Following the data analysis and interpretation of results, the theoretical model presented in 
Figure 2.9 was revised based on the responses received, which included the need for 
additional manual input parameters.  The revised validated process model is shown in Figure 
2.9, whereby the new manual processes and input parameters are shown in blue.  The 
sequence of computational processes remained unchanged since the majority of the interview 





The semi-automated parametric design process model shown in Figure 4.9 starts by creating 
a visual programming link to the civil engineer’s 3D model for extraction of relevant 
constraining design information such as the opening size, and initial thicknesses of members, 
and material properties [11].  Critical input parameters such as (1) penalty functions to achieve 
optimised solutions based on predefined design targets adhering to constraining factors [26], 
(2) design loading caused by fill heights, design regulations and clients’ requirements [12], 
[23], [32], (3) geotechnical information such as soil properties [26] and (4) road and stormwater 
drainage topographical survey levels are manually captured by the user [12], [26].   
 
Once all the design input parameters are obtained, multiple mathematical models are 
automatically developed through generative design based on the extracted and manually 
predefined input parameters.  For each mathematical model generated, finite element 
structural analysis and design is carried out and the results are thereafter stored in a database 
[11]. The first decision gateway is presented as an option to review the stored results and 
perform manual modifications.  Once satisfied with the results, the automated result evaluation 
process is completed [11], and the second decision gateway is presented to review the 
evaluation outcome.  Once satisfied, the automated multi-criteria decision analysis process is 
completed, and the third decision gateway is presented to review the design optimisation 
output [11].  
 
Once the user is satisfied that an optimal design solution is achieved, a visual programming 
link is once again created to extract relevant modelling input parameters from the optimised 
mathematical model to communicate the design intent [16], [26], [49].  Concurrently, the 
topographical survey information such as reference levels and co-ordinate systems are 
manually defined as the 3D modelling input parameters required to start the 3D object 
modelling computational process [16], [26].  The modelling references and 3D modelling 
objects are thereafter generated from the input parameters [49], and the fourth decision 
gateway is presented to review the output.  Once satisfied, the material information for each 
member is assigned and the relevant quantity and construction information is extracted from 
the 3D objects containing the design material information [49].  The final manual process 
provides an option for the user to select what construction documentation such as drawings 













The semi-automated parametric design model shown in Figure 4.9 was validated through 
structured interviews with practising professional structural engineers and 3D modellers for 
use of culvert projects.  The findings showed that the proposed theoretical model applied to 
culvert projects.  Moreover, automation of the structural design and 3D modelling processes 
would result in a reduction of the time and effort required to perform re-work on culvert projects.  
However, the analysed interview findings revealed that certain constraining design and 3D 
modelling parameters were required for manual input.  Moreover, the interview findings 
showed that the integration of decision gateways for manual review and modification of 
outcomes for each sub-process would help ease the fear of reduced control over the sub-
processes and results for the user.  Chapter 5 concludes this study by answering the research 
questions proposed in the first chapter and thereby addresses the research problem and 










The structural engineer’s activities on projects are typically grouped into two main processes: 
structural design and production of construction documentation, such as construction 
drawings.  Since a project lifecycle consists of several stages, the amount of time and effort 
contributed to the two processes must be adequately managed to ensure the success of the 
project in terms of performance and cost.  This study’s research synthesis has revealed that 
the ability to impact the project cost and performance steadily decreases as a project 
progresses [2], [19].  Conversely, the cost of design changes on a project increases as a 
project progresses [2], [19].  Therefore, to ensure project success, structural engineers must 
ensure that the time and effort contributed at the early stages of a project are kept minimal.  
Moreover, structural engineers must ensure that optimal solutions adhering to all requirements 
are always provided to avoid costly design changes at later stages of a project.  However, 
unforeseen changes in design input parameters can still result in costly re-work irrespective 
on how effectively the structural engineering processes are managed [2], [5]. 
 
The introduction of intelligent building information modelling (BIM) tools presented a potential 
benefit of fast three-dimensional (3D) parametric design workflows integrating the design and 
3D modelling processes [9].  Integration of the structural design and 3D modelling processes 
was made possible by transforming the two processes into an algorithmic form, which 
represents the sequence of the computation of data to produce designs and 3D models [8].   
Moreover, the transformation of repetitive design and 3D modelling processes into an 
algorithmic form ensured that any changes made to the design input parameters resulted in 
automatic updating of the downstream processes [2], [10].  Therefore, the objective of this 
study was to evaluate if transforming the manual structural design and 3D modelling 
procedures for box culverts into an algorithmic form can reduce the time and effort to re-design 
and, thereafter, update 3D models.  This chapter concludes this study by answering the 
research questions proposed in the first chapter and thereby addresses the research problem 







The parametric design process model for box culverts presented in Figure 4.9 was developed 
based on existing literature and validated with practising professional structural engineers and 
BIM 3D modellers.  The validated parametric design process model was developed to reduce 
the time and effort required to revise 3D models following a re-design.  To ensure that the 
objective of this study is addressed, the research questions presented in Chapter 1 of this 
study needed to be resolved.  Hence, this section of the chapter discussed how each of the 
research questions was addressed by the proposed process model.  Extracts from the semi-
automated process model presented in Figure 4.9 are presented as responses to the 
applicable research questions.  
 
5.2.1 Design and 3D modelling input parameters 
 
RQ 1:   What are the input parameters required to start the standard box culvert design and 
3D modelling processes?  
 
The extent of this research has revealed that the input parameters required to start the design 
and 3D modelling processes of box culverts would be better used in a semi-automated 
manner.   
 
With reference to Figure 2.9, the proposed semi-automated process model extract presented 
in Figure 5.1 concludes that the automated input parameters required for automating the 
standard box culvert design procedure are:  
 Geometric boundaries of the members (positions, lengths, and heights); 
 Cross-sections of the members; and 
 Material properties of the members.  
 
Moreover, the proposed semi-automated process model presented in Figure 2.9 concludes 
that the manual input parameters required for automating the standard box culvert design 
procedure are: 
 Penalty functions; 
 Design loading; 
 Geotechnical information; and 






Figure 5.1:  Design input parameters for box culverts 
 
Figure 5.1 shows that the automated design input parameters are better only used for the 
structural analysis and design sub-processes of the first computational process.  Whereas the 
manual design input parameters are preferred for both the structural analysis and design sub-
processes, and the design solution evaluation processes. 
 
With reference to Figure 2.9, the proposed semi-automated process model extract presented 
in Figure 5.2 concludes that the automated input parameters required for automating the 
standard box culvert 3D modelling procedure are:  
 Geometric boundaries of the members (positions, lengths, and heights); 
 Cross-sections of the members; and 
 Material properties of the members.  
 
Moreover, the proposed semi-automated process model presented in Figure 2.9 concludes 
that the manual input parameter required for automating the standard box culvert 3D 
modelling procedure is: 






Figure 5.2:  3D modelling input parameters for box culverts 
 
5.2.2 Sequence of computational processes 
 
RQ 2: What is the sequence of the computational processes required to automate the 
standard box culvert design and 3D modelling processes?  
 
The extent of this study has revealed that the sequence of the computational processes 
required to start the design and 3D modelling procedures of box culverts are: (1) design 
optimisation; (2) 3D object modelling; and (3) property assignment to 3D model objects.  The 
associated automatic and manual (shown in blue) sub-processes and input parameters are 
discussed below. 
 
With reference to Figure 2.9, the proposed semi-automated process model extract presented 
in Figure 5.3 concludes that the first computational process required for automating the 







Figure 5.3:  Computational process 1 
 
The computational process shown in Figure 5.3 starts by extracting relevant constraining 
design information such as the geometric boundaries, opening size, and initial thicknesses of 
members, and material properties [11].  Critical input parameters such as (1) penalty functions 
to achieve optimised solutions based on predefined design targets adhering to constraining 
factors [26], (2) design loading caused by fill heights, design regulations and client’s 
requirements [12], [23], [32], (3) geotechnical information such as soil properties [26] and (4) 
road and stormwater drainage topographical survey levels are manually captured by the user 
[12], [26].   
 
Once all the design input parameters are obtained, multiple mathematical models are 
automatically developed through generative design based on the extracted and manually 
predefined input parameters.  For each mathematical model generated, finite element 
structural analysis and design is carried out and the results are, thereafter, stored in a 




and perform manual modifications.  Once satisfied with the results, the automated result 
evaluation process is completed [11], and the second decision gateway is presented to review 
the evaluation outcome.  Once satisfied, the automated multi-criteria decision analysis 
process is completed, and the third decision gateway is presented to review the design 
optimisation output [11].  
 
With reference to Figure 2.9, the proposed semi-automated process model extract presented 
in Figure 5.4 concludes that the second computational process required for automating the 
standard box culvert design procedure is 3D object modelling.  
 
 
Figure 5.4:  Computational process 2 
 
The computational process shown in Figure 5.4 starts by extracting the modelling input 
parameters from the optimised mathematical model to communicate the design intent [16], 
[26], [49].  Concurrently, the topographical survey information such as reference levels and 
co-ordinate systems are manually predefined as the 3D modelling input parameters required 
to start the 3D object modelling computational process [16], [26].  The modelling references 
and 3D modelling objects are, thereafter, generated from the input parameters [49], and the 





With reference to Figure 2.9, the proposed semi-automated process model extract presented 
in Figure 5.5 concludes that the third computational process required for automating the 
standard box culvert design procedure is property assignment to 3D model objects. 
  
 
Figure 5.5:  Computational process 3 
 
The computational process shown in Figure 5.5 starts by assigning the material information 
for each member.  The relevant quantity and construction information is, thereafter, extracted 
from the 3D objects containing the design material information [49].  The final manual process 
provides an option for the user to select what construction documentation, such as drawings, 





5.2.3 Proposed benefits of parametric design 
 
RQ 3: How will the proposed parametric design approach provide structural engineers with 
the benefits of reduced time and effort following re-work of a standard box culvert? 
 
With reference to Figure 2.9, the sub-processes proposed and validated with structural 
engineers to achieve the benefits of reduced time and effort following a re-design of a standard 
box culvert are presented in Table 5.1.  The proposed sub-processes are given with the 
relevant challenges and proposed solutions highlighted in the literature review. 
 
Table 5.1:  Proposed benefits for parametric design 
 
Challenges highlighted in the 
current literature  
Proposed solutions to 
challenges highlighted in the 
current literature  
Validated computational  
















 Uncertainty and availability 
of design input data from 
other disciplines at early 
project phases [8] 
 Minimum time allocated to 
conceptual design for 
evaluation of various design 
alternatives [3] 
 Time-consuming and error-
prone manual, or semi-
automated design 
optimisation process [33], 
[36] 
Automated structural analysis 
and design procedures to 
reduce the duration of 
producing re-designs [3], [8], 
[11], [36] 
 Structural analysis and 
design  
 Design solution 
evaluation 















  Time-consuming and error-
prone manual drawing or 
modelling processes used to 
produce drawings and 
perform re-work following 
design changes [33] 
Automated 3D modelling 
procedure to reduce the effort 
and duration of performing re-
work following a design change 
[36], [42], [49], [51] 
 3D object modelling sub-
process 







5.3 Implications for engineers, academic institutions, and employers 
 
Leveraging the computational strength of continuously improving BIM tools requires structural 
engineers to adapt to the ongoing advances in technology.  The parametric design process 
model presented in Figure 4.9 concluded that automating the structural design and 3D 
modelling procedures of box culverts can provide the benefits of reduced time and effort.  
Hence, traditional project delivery methods using outdated 2D CAD technology need to be 
phased out by structural engineers and engineering managers of organisations to achieve 
high project performance levels.  Workforces will need to gain knowledge either through 
existing or new academic institution programmes aimed at full utilisation of BIM technology.  
Employers will also need to align their organisation’s strategic planning towards full utilisation 
of BIM technology to ensure that the time and effort contributed at early stages of a project 
are kept minimal.  Moreover, structural engineers and engineering managers must ensure that 
optimal solutions adhering to all requirements are always provided to avoid costly design 
changes at later stages of a project.   
 
5.4 Future studies 
 
In conclusion, the objective of this study was achieved by concluding that transforming the 
manual structural design and 3D modelling procedures for box culverts into an algorithmic 
form can reduce the time and effort to re-design and, thereafter, update 3D models.  The 
considerably high level of favour to the use of BIM-based tools over web-based tools resulted 
in the study being limited to the evaluation of a BIM-based parametric design model to 
automate the design and 3D modelling procedures of box culverts.  Moreover, the extent of 
this study was limited to investigating the input parameters and processes related to the 
production of 3D models only.  The input parameters and process(es) of developing the actual 
construction drawings were excluded from this study.  Hence, based on the two limitations to 
this study, the suggestions given for future studies are (1) the evaluation of web-based 
parametric design to automate the design and 3D modelling procedures repetitive structures 
and (2) investigation of the processes and input parameters for developing the structural 
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Appendix A – Data collection protocol 
 
Appendix A contains data collection protocols for personal interviews, where A.1 contains the 
consent letter, A.2 contains the informed consent form, A.3 contains the interview questions, 
and A.4 contains the proposed parametric design theoretical model to be validated during the 





Annexure A.1 – Consent letter 
 
[Invitation letter]  
 
Dear expert participant, 
 
This is a formal invitation to participate in a personal structured interview regarding the 
possibility of automating the structural design and 3D modelling procedures of repetitive 
structures such as box culverts.  The interview discussions are required to evaluate if the 
proposed parametric design theoretical model can be used to reduce the time and effort 
required to perform re-work related to designs and 3D modelling for production of drawings.  
For this study, the structural design and 3D modelling re-work is considered because of 
changes made to the structural design input parameters.   
 
Your participation and responses are important to refine the proposed parametric design 
automation theoretical model.  Your decision to participate in this interview is voluntary and 
can be withdrawn at any time without justification.  Should you accept this invitation to 
participate, the interview duration will not exceed thirty (30) minutes.  Responses received 
during the interview will be anonymous and treated with confidentiality – no personal 
information is required when completing the structured interview schedule.  Moreover, your 
responses received will only be used as the dataset for my research submitted in partial 
fulfilment of the degree of Magister Philosophiae in Engineering Management at the University 
of Johannesburg, South Africa.  All reasonable measures were considered to ensure that no 
harm, either now or in the future, is caused to any participant. The management of information 
gathered through an audio-recorder and analysed will also comply with the relevant 
information protection regulations.  Completed questionnaire forms will be securely stored by 
the researcher.  The transcribed data generated from audio-recordings will not include any 
personal data that can identify the responded.  Only the transcribed information will be stored. 
 
An online interview meeting request with the proposed date and time will be sent upon receipt 
of the interview acceptance confirmation.  Should you have any questions, please do not 












RESEARCH PARTICIPANT CONSENT FORM 
 
Name of researcher: Nhlanhla Ngobeni 
 
Title of study:  A proposed parametric design process for automatic structural design and 
3D modelling of box culverts 
 
 
Please read and complete this form carefully. Should you wish to participate in this 
study, please kindly confirm acceptance by selecting (with an “X”) the appropriate 
responses, and by completing the declaration at the end.   
 
1. I confirm that I have read the interview letter describing 
the study. 
YES NO 
2. I have received sufficient information to determine if my 
expertise are applicable to the research.  
  
3. I understand that acceptance of the interview request is 
completely voluntary and that I may withdraw from the 
study at any time without justification. 
  
4. I know that I can ask for additional information pertaining 
to this study from the researcher. 
  
5. I understand that all information arising from the study will 
be treated strictly as confidential. 
  
6. I know that I will not be required to identify any individual 
(including myself) in the study. 
  





I hereby provide my consent to participate in this research questionnaire and have received 
a copy of this consent form for my own records. 
 
Name of participant (in block letters)  : _____________________________ 
 
Signature of participant   : _____________________________ 
 
Date      : _____________________________ 
 





Annexure A.3 – Interview questions 
 
Preliminary checklist 
i. Thank interview participants for their cooperation.  
ii. Request permission from the participant to record the interview session.  
iii. Discuss the ethical considerations pertaining to this study.  
iv. Overview of the background and purpose of the research study.  
 
Section A – Professional background of participant 
1. How would you 
describe your 














     
2. How long have you 
been functioning in 
this field of 
engineering? 
< 5 years 5 – 10 
years  




     
Section B – Design and modelling input parameters  
3. The theoretical model presented under Annexure A.4 shows that the input parameters 
required to start the design process are the geometric boundaries, cross-sections 
of members, material properties, and penalty functions. 
 
In your opinion, do you agree or disagree if the above-mentioned input parameters 
are required to start the 3D design process of box culverts?  
3.1. Geometric boundaries – 
positions, lengths, and heights 











     
3.2. Cross-sections of members 




Disagree  Neutral Agree  Strongly 
agree 
     
3.3. Material properties – material 














3.4. Penalty functions – 












     
4. The theoretical model presented under Annexure A.4 shows that the input parameters 
required to start the 3D modelling process are the geometric boundaries, cross-
sections of members, and material properties. 
 
In your opinion, do you agree or disagree if the above-mentioned input parameters 
are required to start the 3D modelling process of box culverts? 
4.1. Geometric boundaries – 
positions, lengths, and heights 
of the structural components. 
Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 
     
4.2. Cross-sections of members 




Disagree  Neutral Agree  Strongly 
agree 
     
4.3. Material properties – 




Disagree  Neutral Agree  Strongly 
agree 
     
Section C – Design and 3D modelling computational processes 
5. The theoretical model presented under Annexure A.4 shows that the computational 
processes required for structural design and 3D modelling are design optimisation, 
3D object modelling, and property assignment to 3D model objects.  
 
Do you agree or disagree if the above-mentioned computational processes are 
applicable to the structural design and 3D modelling of box culverts?   
5.1. Design optimisation – 
achieving an optimal design 












     
5.2. 3D object modelling – 
generating 3D geometry. 
Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 





5.3. Property assignment to 3D 
model objects – assignment 




Disagree  Neutral Agree  Strongly 
agree 
     
6. With reference to question 5, could you indicate your preferred sequencing of the 
applicable computational processes by selecting the appropriate order number? 
6.1. Design optimisation – 
achieving an optimal design 












     
6.2. 3D object modelling – 











     
6.3. Property assignment to 3D 
model objects – assignment 












     
7. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for design optimisation are structural design and analysis, design 
solution evaluation, and multi-criteria decision analysis.  
 
Do you agree or disagree if the above-mentioned design optimisation sub-
processes are applicable to the design of box culverts? 
7.1. Structural design and 
analysis – finite element 
analysis and design of 












     
7.2. Design solution evaluation 
– evaluation of analysis 
results for several randomly 
















7.3. Multi-criteria decision 
analysis – use of penalty 
functions to achieve an 











     
8. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for 3D object modelling are the generation of modelling references and 
3D model objects.  
 
Do you agree or disagree if the above-mentioned 3D object modelling sub-
processes are applicable to the design of box culverts?  
8.1. Generation of modelling 
references – definition of 
grids and levels for 












     
8.2. Generation of 3D model 
objects – generation of 3D 












     
9. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for property assignment to 3D model objects are definition of material 
information, quantity information from 3D model, and construction information.  
 
Do you agree or disagree if the above-mentioned property assignment to 3D 
object model sub-processes are applicable to the production of drawings for box 
culverts? 
9.1. Material information – 












     
9.2. Quantity information from 
3D model – definition of 
volumes, lengths, and total 
















9.3. Construction information – 
definition of schedule, 












     
Section D: Automation of design and 3D modelling processes 
10. The theoretical model presented under Annexure A.4 shows that the following 
structural design and 3D modelling computational sub-processes have the potential for 
full parametric design automation: 
 structural analysis and design; 
 design solution evaluation; 
 multi-criteria decision analysis; 
 generation of modelling references; 
 generation of 3D model objects; 
 assignment of material information; 
 assignment of quantity information from 3D model; and 
 assignment of construction information. 
 
In your opinion, do you agree or disagree that fully automating the above-mentioned 
design and 3D modelling sub-processes through parametric design can reduce 
the time and effort required for performing re-work on box culvert projects? 
10.1. Structural design and 
analysis – finite element 
analysis and design of 












     
10.2. Design solution 
evaluation – evaluation of 
analysis results for several 












     
10.3. Multi-criteria decision 
analysis – use of penalty 
functions to achieve an 















10.4. Generation of modelling 
references – definition of 
grids and levels for 












     
10.5. Generation of 3D model 
objects – definition of levels 
and grid references for 
assigning positions, heights, 











     
10.6. Material information – 












     
10.7. Quantity information from 
3D model – definition of 
volumes, lengths, and total 











     
10.8. Construction information 
– definition of schedule, 

























Annexure B – Responses to interview questions 
 
Section A – Professional background of participant 
 
1. How would you 
describe your 














1 0 6   
2. How long have you 
been functioning in 
this field of 
engineering? 
< 5 years 5 – 10 
years 




1 4 2 0 0 
 
Section B – Design and modelling input parameters  
 
3. The theoretical model presented under Annexure A.4 shows that the input parameters 
required to start the design process are the geometric boundaries, cross-sections 
of members, material properties, and penalty functions. 
 
In your opinion, do you agree or disagree if the above-mentioned input parameters 
are required to start the 3D design process of box culverts?  










0 0 0 2 5 
3.2. Cross-sections of members  Strongly 
disagree 
Disagree Neutral Agree Strongly 
agree 
0 0 0 3 4 








0 0 0 3 4 
















4. The theoretical model presented under Annexure A.4 shows that the input parameters 
required to start the 3D modelling process are the geometric boundaries, cross-
sections of members, and material properties. 
 
In your opinion, do you agree or disagree if the above-mentioned input parameters 
are required to start the 3D modelling process of box culverts? 
4.1. Geometric boundaries Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 
0 0 0 1 6 
4.2. Cross-sections of members  Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 
0 0 0 1 6 
4.3. Material properties Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 
0 0 0 2 5 
 
Section C – Design and 3D modelling computational processes 
 
5. The theoretical model presented under Annexure A.4 shows that the computational 
processes required for structural design and 3D modelling are design optimisation, 
3D object modelling, and property assignment to 3D model objects.  
 
Do you agree or disagree if the above-mentioned computational processes are 
applicable to the structural design and 3D modelling of box culverts?   










0 0 0 1 6 
5.2. 3D object modelling  Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 
0 0 0 2 5 
5.3. Property assignment to 3D 
model objects  
Strongly 
disagree 
Disagree  Neutral Agree  Strongly 
agree 






6. With reference to question 5, could you indicate your preferred sequencing of the 
applicable computational processes by selecting the appropriate order number? 




































assignment to 3D 
model objects  
None None 

































7. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for design optimisation are structural design and analysis, design 
solution evaluation, and multi-criteria decision analysis.  
 
Do you agree or disagree if the above-mentioned design optimisation sub-
processes are applicable to the design of box culverts? 












0 0 0 2 5 










0 0 0 0 7 












0 0 0 2 5 
 
8. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for 3D object modelling are the generation of modelling references and 
3D model objects.  
 
Do you agree or disagree if the above-mentioned 3D object modelling sub-
processes are applicable to the design of box culverts?  












0 0 1 2 4 



















9. The theoretical model presented under Annexure A.4 shows that the sub-processes 
required for property assignment to 3D model objects are definition of material 
information, quantity information from 3D model, and construction information.  
 
Do you agree or disagree if the above-mentioned property assignment to 3D 
object model sub-processes are applicable to the production of drawings for box 
culverts? 










0 0 1 1 5 
9.2. Quantity information from 











0 0 0 1 6 










0 0 0 1 6 
 
Section D – Automation of design and 3D modelling processes 
 
10. The theoretical model presented under Annexure A.4 shows that the following 
structural design and 3D modelling computational sub-processes have the potential for 
full parametric design automation: 
 structural analysis and design; 
 design solution evaluation; 
 multi-criteria decision analysis; 
 generation of modelling references; 
 generation of 3D model objects; 
 assignment of material information; 
 assignment of quantity information from 3D model; and 
 assignment of construction information. 
 
In your opinion, do you agree or disagree that fully automating the above-mentioned 
design and 3D modelling sub-processes through parametric design can reduce 

















0 0 1 1 5 












0 1 0 1 5 












0 0 0 0 7 












0 1 1 1 4 












0 1 0 1 5 










0 0 1 2 4 
10.7. Quantity information from 











0 0 1 2 4 










0 0 1 1 5 
 
  
